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1.0  INTRODUCTION  AND  SUMMARY 

This  document  is  the  final  report  detailing  progress  realized  during  the  period 
9/15/84  to  9/15/86  under  the  program  "Heterojunction  Bipolar  Transistor  Technology  for 
High-Speed,  Low-Power  MSI  Digital  Circuits,"  Contract  No.  N00014-84-C-0480,  at  Rock¬ 
well  International. 

Prior  to  the  start  of  this  program,  the  demonstrations  of  high-speed  ECL-type 
circuits  in  GaAIAs/GaAs  HBT  technology  had  been  limited  to  a  few  very  small  circuits 
such  as  ring  oscillators  and  frequency  dividers.  The  high  operating  frequency  of  those 
circuits,  the  prospects  of  relatively  straightforward  scale-up  to  higher  integration  levels, 
and  the  projections  of  much  higher  possible  speeds  according  to  simulations  indicated 
that  the  ECL  approach  with  HBTs  was  worthwhile  exploring  further.  A  key  objective  in 
the  formulation  of  the  present  program  was  to  identify  any  major  stumbling  blocks  that 
might  prevent  the  technology  from  being  later  inserted  into  systems,  including  major 
yield  or  uniformity  problems,  reliability  or  radiation  hardness  issues,  excessive  tempera¬ 
ture  sensitivity,  etc.  Another  objective  was  to  investigate  whether  HBT  circuits  could 
lead  to  major  improvements  in  the  speed/power/noise  performance  of  interchip  com¬ 
munication  circuits  (output  drivers  and  receivers)  with  respect  to  GaAs  MESFET  circuits, 
by  making  use  of  the  high  drive  capability  of  bipolars  (particularly  in  conjunction  with 
complementary  output  circuits  to  eliminate  the  common-ground  inductance  noise).  A 
final  objective  was  to  demonstrate  applications-oriented  HBT  circuits  with  state-of-the- 
art  performance.  Accordingly,  there  were  three  tasks  within  the  program. 

Task  1.  HBT  Technology  Development 

Refine  and  develop  HBT  technology  for  the  fabrication  of  circuits  using  the 
ECL  approach,  and  characterize  its  associated  yield,  uniformity,  reproducibility,  tem¬ 
perature  sensitivity,  reliability  and  radiation  hardness. 

Task  2.  MSI  Circuit  Development 

Design,  fabricate  and  test  two  MSI-level  circuits  (containing  more  than  100 
gates)  based  on  HBT  ECL. 
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Task  3.  Interchip  Communication  Development 

Study  interchip  communication  protocols,  and  design,  fabricate  and  test  two 
types  of  protocol  test  chips  to  demonstrate  fast,  low-power  and  low-noise  communica¬ 
tions.  The  chips  are  to  include  both  an  asynchronous  and  a  synchronous  circuit. 

The  objectives  of  the  program  were  all  successfully  met.  HBT  process  tech¬ 
nology  was  improved  significantly  by  introducing  the  use  of  projection  lithography  (to 
supplant  the  earlier  contact  lithography),  and  by  developing  the  technology  needed  for 
uniform  and  reproducible  selective  etching,  which  proved  superior  to  implantation  for 
base  contacting.  Transistor  L's  as  high  as  40  GHz  were  measured.  The  uniformity  of  the 
threshold  voltage  Vue  corresponded  to  a  2.5  mV  standard  deviation  across  a  wafer. 
Yields  on  the  best  wafer  were  30%  for  circuits  with  108  equivalent  NOR  gate  complex¬ 
ity.  Preliminary  total  dose  hardness  was  found  to  be  on  the  order  of  50  Mrads.  Prelimi¬ 
nary  reliability  demonstrations  were  made,  with  1500  h  at  100°C  without  failure. 

A  preferred  circuit  approach  within  the  ECL  family  was  adopted  and  studied 
extensively:  differentially  routed,  series-gated  current-mode  logic  (CML).  This  circuit 
family  enables  compact  structures  to  be  formed  with  considerable  logic  power,  leading  to 
savings  in  power  and  area  with  respect  to  conventional  ECL.  Its  differential  structure 
also  makes  it  highly  insensitive  to  temperature,  power  supply  voltage,  power  supply 
variations,  etc.  A  nominal  macro  with  a  complexity  of  three  NOR  gates  used  a  total 
power  of  4.5  mW  (1.5  mW/gate). 

With  this  approach,  three  MIS  circuits  were  designed  and  simulated  during  the 
program:  an  8-bit  universal  shift  register;  and  8:1  multiplexer  (MUX);  and  a  1:8  demulti¬ 
plexer  (DEMUX).  The  first  two  designs  were  processed.  The  8-bit  universal  shift  regis¬ 
ter  was  fully  functional  (with  a  yield  up  to  30%)  and  operated  with  a  clock  frequency  up 
to  3.2  GHz,  the  fastest  universal  shift  register  ever  reported.  Power  consumption  was 
700  mW.  The  8:1  MUX  was  not  fully  functional  because  of  a  layout  error.  The 
synchronization  output  was  produced  properly,  which  confirmed  that  the  high-speed 
portion  of  the  circuit  operated  at  a  3.2  GHz  clock  rate. 

A  variety  of  output  driver  and  input  receiver  designs  were  also  studied  by 
simulation.  Three  circuit  types  -  two  corresponding  to  ECL  (-0.9  to  -1.7  V)  levels  and 
one  corresponding  to  CML  (0  to  -0.8  V)  -  were  laid  out.  They  were  incorporated,  among 
others,  in  protocol  test  chips,  which  were  SSI  circuits  with  10-20  gates  of  logic.  The 
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synchronous  test  chip  was  a  3-bit  D-register.  The  asynchronous  test  chip  was  a  gated 
full-adder  circuit.  The  protocol  test  chips  with  the  various  driver  circuits  were  all  fully 
functional  with  yields  above  50%,  and  produced  the  expected  output  voltage  levels  with 
risetimes  as  low  as  200  ps  for  the  fastest  case. 

The  results  of  this  program  demonstrate  that  ECL  circuits  implemented  with 
GaAlAs/GaAs  HBTs  must  be  considered  one  of  the  leading  candidates  for  the  implemen¬ 
tation  of  very  high-speed  MSI  digital  functions.  Moreover,  there  is  still  ample  room  for 
scaling  and  technology  improvement  over  what  has  been  demonstrated  in  this  program. 

The  remainder  of  this  report  has  the  following  organization:  Section  2.0 
reviews  the  HBT  basic  structure  and  operation;  Section  3.0  describes  MBE  growth  of  HBT 
epitaxial  structures;  Section  4.0  describes  HBT  processing;  Section  5.0  discusses  method¬ 
ology  of  HBT  testing,  characteristics  and  analysis;  Section  6.0  covers  HBT  modeling;  and 
Section  7.0  details  the  design  and  performance  of  ICs  based  on  HBTs.  Finally, 
Section  8.0  provides  an  overall  summary  of  the  status  of  HBT  technology  and  indications 
of  work  remaining  to  be  done. 
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2.0  HBT  STRUCTURE 

This  section  describes  the  structure  of  HBTs  investigated  in  this  program. 
Both  the  vertical  (epitaxial)  structure  and  the  lateral  geometry  are  described. 

2.1  Vertical  Structure 

The  epitaxial  HBT  layer  structure  used  on  this  program  is  shown  in  Fig.  1.  The 

device  layers  include  the  following:  (a)  Cap  layers  of  GaAs,  InAs  or  graded  composition 

InGaAs  to  assist  in  forming  ohmic  contacts.  The  uppermost  layer,  for  the  emitter  con- 

1 9  3 

tact,  is  highly  doped  (2  *  10  cm  ).  (b)  An  emitter  layer  of  AlxGa^_xAs  with  x  =  0.25 
doped  n-type  with  Nq  *  5  >  10^  cm"^.  The  composition  chosen  provides  the  benefit  of 
high  emitter  injection  efficiency  from  a  wide  band  gap  emitter,  but  does  not  incur  prob¬ 
lems  from  high  deep-level  concentration  or  indirect  band  gap  associated  with  greater  A1 
content.  The  composition  near  the  emitter-base  junction  is  carefully  graded  to  avoid 
the  formation  of  potential  barriers,  (c)  A  base  layer  of  GaAs  or  InGaAs  of  thickness 
about  1 200A  doped  with  Be  acceptors  at  a  concentration  of  5  x  10  cm  .  (d)  A  collec¬ 
tor  drift  region  whose  doping  is  chosen  to  avoid  base  pushout  (Kirk  effect)  at  the  current 
densities  of  interest  (10^-10^  A/cm^)  while  maintaining  low  base-collector  capacitance, 
and  whose  thickness  is  adjusted  according  to  the  desired  operating  voltage  (>  0.5  ym  for 
10  V  breakdown),  (e)  A  heavily  doped  subcollector  region  to  allow  contacting  the  collec¬ 
tor.  (f)  A  semi-insulating  substrate,  which  permits  fully  isolated  transistors  to  be 

2 

formed,  and  provides  considerably  greater  circuit  flexibility  than  reported  I  L  structures. 
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This  structure  is  formed  by  MBE  with  excellent  reproducibility.  With  this 
design,  transistor  operation  is  obtained  in  a  manner  similar  to  Si  bipolar  devices,  but  with 
reduced  transit  time,  lower  base  sheet  resistance,  lower  emitter-base  capacitance,  lower 
output  conductance  and  higher  current  density.  To  appreciate  the  improvement  obtain¬ 
able,  the  factors  affecting  transit  time  (or  ft)  are  briefly  considered.  The  overall  elec¬ 
tron  transit  time  tec  is  given  by  a  sum  of  components  corresponding  to  the  different 
device  layers: 


Tec  "  Te  +  Tb  +  Tcscl  +  Tc 

Here,  xe  is  the  emitter  junction  capacitance  charging  time,  is  the  base  transit  time, 
Tcscl  IS  one_half  the  collector  depletion  region  transit  time,  and  xc  is  the  collector 
capacitance  charging  time.  In  well-designed  HBTs,  all  components  tend  to  be  important 
(otherwise,  typically,  tradeoffs  may  be  used  to  reduce  the  largest).  In  comparison  with 
homojunction  devices,  in  HBTs  is  lower  because  of  low  emitter  doping,  and  because  of 
high  operating  current  density  (yielding  low  dynamic  junction  resistance);  xb  is  lower 
because  of  high  electron  mobility,  and  because  built-in  drift  fields  based  on  AlAs  or  InAs 
concentration  gradients  may  be  used;  tcscj  is  lower  because  of  electron  velocity  over¬ 
shoot  effects  as  the  electrons  enter  the  base-collector  junction  region;  and  tc  is  lower,  as 
is  Tg,  due  to  the  higher  current  density  operation. 

Quantitative  estimates  of  iec  have  been  made,  based  on  full  solution  in  one 
dimension  of  the  transport  equations  for  electrons  and  holes.  Figure  2  shows  predicted  ft 
as  a  function  of  operating  current  density  for  some  representative  structures.  It  is  of 
interest  to  note  that  different  layer  thicknesses  and  dopings  are  optimal  in  different 
regimes  of  current  density  (and  thus  power  dissipation),  implying  somewhat  different 
MBE  structures  for  high  complexity  and  low  complexity  quantizers. 

2.2  Lateral  Structure 

There  are  two  approaches  to  lay  out  emitters  for  bipolar  transistors:  the 
walled-emitter  structure  and  the  island-emitter  structure.  The  walled-emitter  approach 
is  more  advantageous  because  emitter  contact  fingers  have  no  crossover  with  extrinsic 
bases,  and  therefore  there  is  no  need  to  passivate  extrinsic  bases  to  prevent  emitter-base 
shorts.  Interconnection  metal  can  easily  contact  emitters  without  an  additional 
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Fig.  2 

Predicted  cutoff  frequency, 
ft,  for  HBTs  vs  collector 
current  density  showing 
effects  of  velocity  over¬ 
shoot  and  base  doping. 


to2  to3  to4  10*  106 

CURRENT  DENSITY  (A/cfn?) 

dielectric  opening  step,  allowing  small  emitter  dimensions  and  eliminating  any  step 
coverage  issue.  However,  the  straightforward  walled-emitter  HBT  has  an  associated 
problem.  Since  the  edges  of  emitters  are  partially  shared  by  the  damaged  isolation 
regions,  injected  minority  carriers  can  partially  recombine  at  active/isolation 
interfaces.  This  leads  to  a  problem  of  low  current  gain  in  HBTs  with  scaled  emitter 
lengths.  It  is  presently  difficult  to  passivate  these  edges  adequately.  As  a  result,  we 
have  chosen  an  island-emitter  structure  to  keep  active  emitter  areas  away  from  peri¬ 
pheral  isolation  edges. 

Figure  3  illustrates  schematically  the  walled-emitter  and  island-emitter 
layouts.  Both  were  investigated  as  part  of  this  program. 


MR  DC  82  17066 
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Fig.  3 

Comparison  of  transistor  layout  for 
devices  with  (a)  walled-emitter 
structure  and  (b)  island  emitter 
structure. 
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3.0  HBT  MATERIAL  GROWTH 

During  this  reporting  period,  25  epitaxial  HBT  wafers  were  grown  by  MBE  for 
this  project.  The  wafers  were  grown  for  use  in  HBT  circuit  and  process  development,  as 
well  as  experiments  to  investigate  the  effect  of  structural  variations  on  device  and 
circuit  performance  and  yield. 

3.1  HBT  Epitaxial  Layer  Structures 

Figure  1  shown  previously  illustrates  the  basic  HBT  structure  grown  for  this 
project,  which  we  have  labeled  SS4.  This  structure  has  been  developed  under  other 
government  contracts  and  company  internal  funding  prior  to  the  start  of  this  project,  and 
has  been  found  to  produce  operating  HBT  devices  and  circuits.  Several  variations  to  this 
(SS4)  structure  were  made  in  an  attempt  to  optimize  it  for  circuit  development.  These 
include  variations  in  the  degree  of  setback  of  the  base  doping  from  the  emitter-base 
junction,  the  doping  density  in  the  base,  and  the  ramp  profile  in  the  composition  graded 
emitter-base  junction  region.  Table  1  lists  the  wafers  grown  and  the  variations  from  SS4 
that  were  made. 


Table  1 


Epitaxial  Structures  Grown 


Structure 

Run  Numbers 

Comments 

SS4  for  Censor, 

Lower  Base  Doping 

1231,1235,1236,1238,1239 

1241,1250,1251,1252,1253 

1254,1255,1256,1257,1259 

Base  =  2.3  *  10' 8/cm 3 

150A  base  doping  setback 

SS4  Not  for  Censor 

1233,1234,1237,1240 

Base  =  2.3  «  101  8/cm3 

150A  base  doping  setback 

SS4  Standard 

1265,1266,1267,1268,1269 

100A  base  doping  setback 

Experimental  SS4 

1270 

Base  =  2  x  10l  8/cm3 

1271 

Base  =  2  x  101 9/cm3 

1272 

Base  =  2  x  10 1  9/cm3 
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Variations  in  base  doping  (from  2  x  10  to  2  x  10  /cm  )  and  base  doping  set¬ 
back  (100  and  150A)  were  made  due  to  uncertainty  in  the  amount  of  Be  diffusion  occur¬ 
ring  during  growth.  We  and  others  have  found  previously  that  significant  diffusion  of  Be 
may  occur  during  epitaxial  growth  and,  in  some  cases,  during  subsequent  processing.  This 
can  displace  the  emitter-base  heterojunction  into  the  wider  gap  alGaAs,  which  can 
decrease  device  gain.  The  amount  of  diffusion  depends  strongly  on  Be  concentration  and 
growth  conditions.  The  inclusion  of  a  doping  setback  of  100  to  150A  is  an  attempt  to 
minimize  as  well  as  study  the  effect  of  this  diffusion.  So  far,  however,  processing  varia¬ 
tions  appear  to  have  masked  the  effect  of  setback  variations,  since  device  gain  appears 
not  to  be  correlated  with  it. 

For  these  epitaxial  layers,  an  improved  emitter-base  compositional  ramp  was 
used.  Device  electron  and  hole  current  simulations  using  the  simulation  program  SEDAN 
suggested  this  more  rapid  grading  profile,  in  comparison  to  the  profile  used  previously. 
The  grading  profile  is  created  in  the  MBE  growth  by  holding  the  Ga  flux  at  a  constant 
value  while  rapidly  increasing  the  A1  over  temperature  in  such  a  way  as  to  create  the 
desired  A1  flux  profile,  as  calculated  from  the  desired  alloy  composition  profile.  The  A1 
oven  temperature  ramp  is  computer-controlled  for  repeatability  (as  are  all  aspects  of  the 
MBE  growth).  Figure  4  shows  the  desired  flux  profile  compared  to  the  actual  A1  flux 
profile  as  measured  by  the  MBE  beam  flux  monitor.  The  agreement  is  reasonably  good. 
The  grading  corresponds  to  an  AlxGaj_xAs  composition  increase  from  x  =  0.00  to  x  =  0.20 
in  about  38 5&. 

For  purposes  of  process  development,  the  proper  crystallographic  orientation 
of  the  epitaxial  wafers  was  needed  to  use  the  Censor  10X  projection  mask  aligner.  The 
epitaxial  growths  for  this  project  are  done  on  quarters  of  3  in.  GaAs  wafers,  created  by 
cleaving  the  wafer  in  four  pieces.  The  Censor  mask  aligner  holds  these  pieces  in  a  jig,  in 
which  the  straight  sides  of  the  piece  rest  against  alignment  pins.  Thus,  the  azimuthal 
orientation  of  each  piece  in  the  Censor  aligner  will  be  determined  by  the  quadrant  of  the 
3  in.  wafer  from  which  it  was  taken.  Our  HBT  process  relies  on  a  direction-selective 
chemical  etch  to  create  collector  contact  wells  with  controllably  sloped  sidewalls.  Thus, 
only  two  of  the  four  possible  azimuthal  orientations  of  3  in.  wafer  quadrants  are  usable 
on  the  Censor  mask  aligner.  The  azimuthal  orientation  of  the  3  in.  wafer  could  be  deter¬ 
mined  from  the  location  of  the  major  and  minor  flats,  and  the  cleaved  quadrants  were 
marked  as  suitable  or  unsuitable  for  use  with  the  Censor  aligner. 
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Fig.  4  i 

>- 

A1  flux  profile  for  SS4  emitter.  < 

Solid  line:  desired  profile;  s 

dashed  line:  profile  measured.  1 

Time  is  measured  from  the  open-  5 

ing  of  the  A1  shutter.  ^ 
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3.2  MBE  Calibrations 

The  methods  used  for  calibration  of  the  MBE  process  are  extremely  important, 
since  they  determine  the  accuracy  with  which  the  actual  epitaxy  reproduces  the  desired 
structure.  For  these  epitaxial  layers,  reflection  high  energy  electron  diffraction 
(RHEED)  intensity  oscillations  were  used  to  rapidly  determine  growth  rates  and  alloy 
composition  for  HBT  structures  with  very  high  accuracy. 

The  method  of  using  RHEED  intensity  oscillations  for  growth  rate  calibrations 
has  been  developed  elsewhere  and  described  extensively  in  the  literature.  It  takes  advan¬ 
tage  of  the  strong  periodic  oscillations  in  diffraction  intensity  which. the  layer-by-layer 
growth  habit  of  MBE  produces  in  the  intensity  of  certain  spots  of  the  RHEED  pattern 
during  growth.  The  period  of  these  oscillations  corresponds  exactly  to  the  time  for 
growth  of  a  single  GaAs  (or  AlAs)  layer.  The  measurement  of  these  oscillations  is 
straightforward  and  rapid,  so  that  a  growth  rate  determination  accurate  to  ±3%  may 
typically  be  obtained  in  30  min.  This  makes  daily  growth  rate  calibrations  a  practical 
procedure.  AlxGaj_xAs  alloy  compositions  may  be  determined  from  GaAs  and  AlGaAs 
growth  rates.  Since  layer  thicknesses  are  determined  by  growth  rate  multiplied  by 
growth  time,  such  calibrations  result  in  extremely  accurate  epitaxial  layer  thicknesses. 
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An  example  of  the  epitaxial  layer  thickness  accuracy  is  shown  in  Table  2.  HBT 
structures  were  etched  selectively  by  methods  developed  for  device  processing  for  this 
project.  The  etching  stopped  at  the  interface  between  the  GaAs  contact  cap  layers 
(nominal  depth  1500A)  and  the  AlGaAs  emitter  for  the  CCI2F2  etch,  and  at  the  AlGaAs- 
base  interface  (nominal  depth  2400A).  The  average  depths  measured  by  surface  profilo- 
meter  were  1521 A  and  231  lA,  for  errors  of  +1.4%  and  -3.7%,  respectively.  This  indicates 
that  not  only  were  excellent  selective  etches  developed,  but  that  the  epitaxial  layer 
growth  thickness  was  very  accurate. 


Table  2 

Etch  Depths  of  Selectively  Etched  SS4  HBT  Structures 


Stopping  Point 

Nominal  Depth 
(A) 

Measured  Depth 
(A) 

Deviation 

(ave.) 

Cap  1 -Emitter  Interface 

1500 

1558 

+  1.4% 

1497 

1508 

Emitter-Base  Interface 

2400 

2292 

-3.7% 

2259 

2380 

2314 

Doping  densities  for  the  epitaxial  structures  were  measured  by  more  tradi¬ 
tional  methods.  Hall  measurements  of  the  free  carrier  concentrations  of  specially  grown 
calibration  layers  were  the  primary  method  of  calibrating  both  the  n-type  Si  doping  and 
the  p-type  Be  doping.  The  n-type  doping  of  layers  within  a  device  structure  was  checked 
by  using  an  electrolytic  profiles,  the  Polaron  profile  plotter,  to  profile  the  doping  in  spe¬ 
cial  structures  grown  on  conducting  n+  substrates.  These  structures  were  identical  to 
HBT  structures,  with  the  exception  that  the  base  was  undoped  and  the  heaving  doping  in 
the  topmost  GaAs  cap  layer  was  omitted.  These  changes  allowed  accurate  profiling  of 
the  n-type  doping  in  the  remaining  layers.  Figure  5  shows  such  a  profile. 
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Fig.  5  Polaron  profile  plot  of  n-type  doping  as  a  function  of  depth  from  the  surface  of 
the  wafer,  for  HBT  structure  SS4  without  any  intentional  doping  in  the  base 
layer.  Resolution  degrades  with  depth. 
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4.0  HBT  PROCESSING 


4.1  Process  Approach 

During  the  contract  period,  significant  progress  has  been  made  in  the  fabrica¬ 
tion  technology  of  HBT  ICs.  Three  mask  sets,  HB2,  DB1  and  DB2,  have  been  used  for  cir¬ 
cuit  fabrication.  The  main  reason  for  processing  HB2  wafers  was  to  improve  the  existing 
HBT  process  (the  quasi-planar  approach)  and  to  experiment  with  new  device  ideas. 
Device  and  circuit  design  rules  were  revised  based  on  the  performance  and  yield 
information  of  those  SSI  circuits  of  HB2  wafers.  The  subsequent  DB1  mask  was  the  first 
mask  set  for  HBT  MSI  circuits,  and  the  new  design  rules  were  implemented.  In  the 
second  MSI  mask  set  (DB2)  of  HBTs,  several  layout  errors  found  on  DB1  masks  were 
corrected  and  new  circuits  consisting  of  island  emitter  HBTs  were  included  (in  addition 
to  circuits  implemented  with  walled  emitter  HBTs).  By  using  a  recently  developed  self- 
aligned  base  contact  process,  we  can  fabricated  both  walled  emitter  and  island  emitter 
HBT  circuits  with  the  same  masks,  "and  therefore  a  direct  comparison  can  be  made 
between  two  circuits  of  the  same  architecture  with  transistors  having  different 
geometry.  The  difference  in  processing  between  the  quasi-planar  device  (based 
extensively  on  ion  implantation)  and  the  self-aligned  base  contact  device  (based  on  selec¬ 
tive  etching)  is  explainer  oelow. 

In  the  earlier  stage  of  the  program,  devices  were  fabricated  by  a  quasi-planar 
process  based  on  ion  implantations.  A  cross  section  of  the  device  is  shown  in  Fig.  6a.  A 
shallow  etch  step  was  used  to  remove  the  top  n+  cap  layer;  Be  implantation  was  used  to 
assist  in  contacting  the  buried  base  layer.  Oxygen  implants  were  employed  to  decrease 
the  extrinsic  base-collector  capacitance.  The  basic  quasi-planar  process  did  not  have 
self-alignment  features,  insofar  as  three  masking  manipulation  were  used  for  base 
implant,  emitter  contact  and  base  contact.  However,  an  advanced  self-aligned  quasi- 
planar  HBT  process  using  a  substitutional  emitter  process  has  also  been  successfully 
developed  under  a  separate  IRicD  effort.  The  minimum  linewidth  of  emitter  fingers  was 

1.2  tarn.  The  fastest  nonthreshold  ring  oscillator  made  with  quasi-planar  transistors 
showed  a  propagation  delay  of  27.2  ps.  A  similarly  fabricated  CML  ring  oscillator  had 
33  ps  per  gate  delay.  The  transistors  also  demonstrated  good  transconductance,  cutoff 
frequency  and  excellent  uniformity.  The  peak  transconductance  was  higher  than 
7000  ms/mm,  the  cutoff  frequency  was  37  GHz,  and  the  standard  deviation  of  threshold 
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Fig.  6  Comparison  of  HBT  structures  produced  with  (a)  quasi-pianar,  ion-implantation 
process;  and  (b)  self-aligned  base  contact  process. 


voltages  was  less  than  3  mV  across  a  1  in.  wafer.  The  advantages  of  the  quasi-pianar 
process  are  low  base  contact  resistance  (lower  10  a-cm  ),  flexibility  in  choice  of  base 
layer  doping  (the  intrinsic  base  sheet  resistance  is  about  1000  to  2000  fi/sq,  but  the  sheet 
resistance  of  extrinsic  bases  can  be  as  low  as  200  n/sq  due  to  the  p-implantation)  and  the 
low  C^.  The  disadvantages  of  the  quasi-pianar  process  are  the  base  dopand  diffusion 
and  redistribution  during  annealing,  problems  of  activation  uniformity,  and 
reproducibility  of  the  annealing.  In  our  laboratory,  annealing  was  carried  out  in  a  flash 
annealer  manufactured  by  AG  Associates. 

Due  to  the  complexity  of  the  quasi-pianar  process,  its  manufacturability  is 
lower  than  that  of  a  self-aligned  base  contact  process  which  was  developed  in  the  latter 
stage  of  the  contract  period.  The  cross-sectional  structure  of  a  self-aligned  base  contact 
transistor  is  shown  in  Fig.  6b.  The  self-aligned  base  contact  process  was  made  possible 
by  a  selective  etching  technique,  which  can  self-stop  precisely  at  the  emitter/base  inter¬ 
face.  Excellent  uniformity  and  reproducibility  have  been  achieved  by  selective  etching, 
as  shown  in  Fig.  7.  The  etching  depth  target  was  230QA;  the  averaged  etching  depth  fro 
Dektek  measurements  was  2433,  2492  and  2437A  for  wafers  15E,  15F  and  15G, 
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Map  of  base  etch  depths  measured 
by  surface  profilometer  techniques 
for  various  HBT  wafers. 
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respectively.  The  largest  standard  deviation  of  etching  depth  measured  across  one- 
quarter  of  a  3  in.  wafer  is  39A.  It  is  noteworthy  that  we  have  overetched  wafer  15F  with 
an  additional  60%  of  the  required  etching  time  to  investigate  the  etching  selectivity. 
Since  the  p+  extrinsic  base  layer  has  been  uncovered  by  a  selective  etching,  the  base  ion 
implantation  becomes  optional  in  a  self-aligned  base  contact  scheme.  For  the  sake  of 
processing  simplicity  and  due  to  the  temperature  limitation  of  the  nonrefractory  base 
ohmic  metals,  p-type  implantation  was  not  used  in  the  self-aligned  base  contact  process. 

The  baseline  self-aligned  base  contact  process  has  made  fabrication  of  HBT 

ICs  much  simpler  and  more  reproducible.  There  is  no  critical  implantation/annealing;  the 

highest  processing  temperature  is  the  temperature  of  ohmic  contact  alloying  (350°C). 

The  standard  deviation  of  threshold  voltage  distribution  was  less  than  8  mV  across  a  3  in. 

wafer.  Some  changes  in  epitaxial  layer  structure  are  required  for  this  process.  The  base 

19 

doping  was  increased  to  1  x  10  to  lower  the  base  contact  resistance.  A  compromise  on 
the  value  of  the  base  layer  thickness  is  required  to  insure  that  the  contact  metallization 
does  not  penetrate  into  the  collector  region  during  alloying.  These  changes  may  result  in 
a  decrease  in  the  gain  of  the  devices.  The  detailed  manufacturing  steps  of  the  self- 
aligned  base  contact  process  (which  only  requires  eight  mask  levels)  are  illustrated  in 
Fig.  8  and  described  as  follows. 
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Fig.  8 

Schematic  processing  steps 
for  self-aligned  base, 
island  emitter  HBTs. 
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BASE  METAL 


(3)  DERNE  AND  METALLIZE 
EMITTER  CONTACT 


14)  UNCOVER  SUBCOLLECTOR 
AND  DEPOim  COLLECTOR 
METAL 


After  device  isolation  by  B/He  bombardment,  the  cap  GaAs  layers  and  the 
AlGaAs  emitter  layer  are  removed  by  selective  etching  to  uncover  the  extrinsic  base 
region  and  define  the  active  emitter  region  simultaneously.  With  the  same  photoresist 
pattern,  base  metals  Au/ZnAu  are  evaporated  and  lifted  off.  Spatial  separation  between 
the  deposited  base  metals  and  the  emitter  edge  was  achieved  by  undercutting  (0.2  pm) 
during  the  base  etching.  The  final  emitter  width  was  2. 0-2.5  pm  in  different  devices  and 
the  total  base  width  was  10  urn.  After  alloying,  the  base  sheet  resistance  was  200  to 
700  a/sq,  corresponding  to  a  base  doping  concentration  of  2  *  I019  to  8  x  1019  cml  As 
previously  shown  with  oxygen  implant  in  the  quasi-planar  process,  protons  can  be  used  for 
implantation  into  the  extrinsic  base  region  in  the  present  process.  Implantation-induced 
damage  compensates  the  n-doping  in  the  collector  drift  region  below  the  base  contacts. 
This  decreases  the  extrinsic  base-collector  capacitance  without  any  significant  increase 
in  base  contact  resistance.  Via  holes  were  etched  into  the  wafer  to  make  the  contact  to 
the  buried  collector  layer.  Circuits  were  completed  with  evaporated  NiCr  resistors  and 
two  levels  of  interconnector  metal  using  an  interlcvel  dielectric  of  PECVD  Si2Ni^  or 
polyimide.  Both  first-  and  second-level  metals  (Ti/W/Au  or  Ti/Au)  were  sputtered  to 
assure  step  coverage.  The  first-level  metals  were  patterned  with  a  liftoff  method,  but 
the  second-level  metals  were  delineated  by  an  ion-milling  process.  Figure  9  illustrates 
the  cross-section  of  a  representative  IC. 


16 

C8494D/sn 


Rockwell  International 

Science  Center 


SC5497.FR 


MRDC83-22MS 


Fig.  9  1C  cross-section  for  HBT  process. 

Transistors  fabricated  with  the  self-aligned  base  contact  process  have  shown 

excellent  transconductance,  cutoff  frequency  and  uniformity.  Representative  transistors 

had  a  peak  transconductance  higher  than  10,000  ms/mm  and  a  maximum  current  gain  of 

40.  The  best  cutoff  frequency  ft  of  baseline  transistors  (without  proton  implantation) 

was  35  GHz.  By  using  proton-treated  extrinsic  base  regions,  the  cutoff  frequency  has 

increased  to  45  GHz.  These  results  were  derived  from  S-parameter  measurements  of 

HBTs  with  multiple  emitter  fingers  of  nominally  2.0  *  10  ym  dimensions.  The  standard 

deviation  of  the  threshold  voltage  distribution  was  2.5  mV  across  a  1  in.  wafer  and 

7.6  mV  across  a  3  in.  wafer  (Fig.  10a  and  10b).  Using  10X  lithography  with  a  Censor 

stepper,  we  have  demonstrated  MSI  circuits  of  290  transistors  on  a  3  in.  MBE  wafer.  As 

mentioned  earlier,  transistor  performance  can  be  greatly  improved  by  implanting  protons 

into  extrinsic  base  areas.  We  have  so  far  tested  this  idea  by  demonstrating  SSI  circuits 
2 

on  1  in.  wafers  with  a  contact  aligner.  Nevertheless,  there  should  be  no  problem  in 
applying  the  same  idea  using  Censor  lithography. 

The  earlier  mask  sets  (HB2,  DBi)  employed  walled  emitter  HBTs  exclusively. 
The  lateral  structure  of  such  transistors  is  shown  in  Fig.  3a.  The  advantages  of  a  walled 
emitter  structure  are  quite  obvious:  the  emitter  fingers  have  no  crossover  with  extrinsic 
bases;  therefore,  there  is  no  need  for  passivating  extrinsic  bases  to  prevent  shorting  to 
emitters.  Furthermore,  the  metal  electrode  can  easily  contact  the  emitter  without  an 
additional  dielectric  opening  step  and  without  a  step  coverage  problem.  However,  the 
walled  emitter  HBTs  have  their  own  disadvantages.  The  major  problem  is  low  current 
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gain.  Since  the  top  and  bottom  sides  of  the  emitter  are  shared  by  the  damaged  isolation 
regions,  injected  minority  carriers  may  partially  recombine  at  the  active/isolation  region 
interfaces  instead  of  flowing  into  the  collector.  To  prevent  carriers  from  such  recom¬ 
binations,  the  emitters  should  be  kept  far  away  from  peripheral  isolation  edges.  One  of 
the  possible  arrangements  is  to  lay  out  transistors  with  an  island  emitter  geometry  as 
shown  in  Fig.  3b.  At  the  present  time,  a  nonself-alignment  process  is  used  to  fabricate 
MSI  circuits  made  with  island  emitter  transistors,  as  shown  in  Fig.  11.  After  the  base 
metals  were  lifted  off,  a  dielectric  layer  was  deposited  on  the  wafer  surface.  An 
additional  masking  operation  is  required  to  open  windows  for  emitter  contacts.  The 
emitter  metal  can  overlap  the  extrinsic  base  area  or  the  base  metal  without  any  concern 
for  emitter-base  shorting  because  of  the  dielectric  coverage.  On  the  other  hand,  the 
development  of  the  advanced  self-alignment  process  (the  dual-liftoff  process)  for  island 
emitter  transistors  is  an  ongoing  effort  under  DARPA  millimeter-wave  contract  sup¬ 
port.  The  initial  success  has  been  the  demonstration  of  a  high-performance  1/4  fre¬ 
quency  divider  with  a  maximum  dividing  frequency  of  11.3  GHz.  As  the  self-alignment 
technique  becomes  more  mature,  the  process  will  be  adopted  for  larger  scale 
integrations. 

4.2  Lithography 

HBT  fabrication  processes  developed  at  Rockwell  have  emphasized  both  per¬ 
formance  and  manufacturability.  In  the  earlier  stage  of  the  program,  most  patterning 
work  was  based  on  optical  lithography  on  relatively  small  wafers  (0.75  to  1  in.  on  a 
side).  Use  of  a  10X  reduction  projection  mask  aligner  (Censor)  has  been  developed  with 
the  support  of  the  present  contract,  and  wafers  of  a  large  size  (-  2  in.  diagonal)  have 
been  employed  routinely.  More  recently,  we  have  also  demonstrated  the  use  of  Censor 
lithography  on  a  3  in.  MBE  wafer  with  excellent  device  yield  (100%  functional  HBTs  of  88 
devices  sampled  from  44  fields).  The  accuracy  of  Censor  alignment  on  a  representative 
3  in.  wafer  is  shown  in  a  histogram  of  Fig.  12.  In  most  of  the  fields,  the  misalignments 
were  less  than  2  pm.  This  value  of  alignment  accuracy  is  also  supported  by  the  extensive 
work  on  MESFET-based  ICs  at  Rockwell. 

One  problem  associated  with  the  Censor  apparatus  is  the  requirement  for  high 
contrast  alignment  marks  which  are  viewed  with  monochromatic  light  (which  can  lead  to 
interference  effects).  Alignment  marks  unique  to  each  process  must  generally  be 
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Fig.  10  Measured  distribution  of  threshold  voltage  Von  among  HBTs  fabricated  with 
self-aligned  base  process  across  a  l  in2  wafer  (a;  and  across  a  3  in.  wafer  (b). 
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Fig.  II 

Lateral  structure  of  fabricated 
island-emitter  HBTs:  (a)  single 
emitter  switching  transistor  and 
(b)  dual-emitter  output  driver 
transistor. 


developed,  since  they  must  be  compatible  with  all  the  processing  steps.  For  example, 
alignment  marks  need  to  stand  annealing  temperatures  (peak  temperature  950°C)  in  a 
quasi-planar  HBT  approach.  Some  refractory  metals  or  metalsilicides  (such  as  W  and 
WSi)  may  stand  high  temperature  and  not  react  with  GaAs  substrates;  nevertheless,  their 
optical  reflectivities  are  not  high  enough  for  Censor  operation.  Our  solution  to  this 
problem  is  to  sandwich  a  highly  reflective  Au  layer  within  dielectric  layers:  S^N^  was 
first  sputtered  on  the  wafer  surface.  Alignment  mark  areas  were  defined  by  the 
photoresist.  Ti/Au/Ti  metal  layers  were  evaporated,  lifted  off,  thereby  forming  the 
alignment  marks.  Finally,  another  dielectric  layer  (usually  CVD  Si02)  was  deposited  to 
cover  the  marks.  Although  the  fabrication  process  was  rather  complex,  we  succeeded  in 
building  HBT  circuits  with  these  S^N^/Ti/Au/Ti/SKI^  marks.  Figure  13  illustrates  two 
extreme  cases:  the  nonprotected  alignment  marks  degraded  during  the  rapid  thermal 
annealing;  however,  the  sandwiched  marks  remained  intact. 
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Fig.  12 

Distribution  of  measured  alignment 
errors  obtained  with  Censor  SR  A 1 00 
at  Rockwell  Science  Center. 


For  a  self-aligned  base  contact  HBT  process,  we  found  A1  is  the  best  material 
for  alignment  marks.  A1  has  an  excellent  reflectivity  and  does  not  react  with  GaAs 
during  alloying  (at  350°C,  which  is  the  highest  processing  temperature  in  the  baseline 
process  for  self-aligned  base  contact).  Using  A1  marks,  we  have  successfully  processed 
HBT  MSI  circuits  on  3  in.  wafers.  The  benefits  of  using  Censor  alignment  have  been 
reflected  not  only  in  the  alignment  accuracy  and  the  large  wafer  fabrication,  but  also  in 
the  fast  turnaround  time.  One  example  that  indicates  a  six-week  turnaround  for  baseline 
processing  is  shown  in  Fig.  14. 
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HBT  WAFER  USED  FOR 
PROJECTION  LITHOGRAPHY 
(CENSOR  SYSTEM) 


ALIGNMENT  MARK  PRESERVED  THROUGH  PROCESS 


Fig.  13  Microphotographs  of  Censor  alignment  marks  on  HBT  wafers  after  ion- 
implanted  process  with  (a)  inadequate  and  (b)  adequate  protection  during 
anneal. 


Wafer  cleaning  — >■  1A  alignment  mark  — *  Isolation  mark  — *  isolation  imolant  — *■ 
8/29/86  8/29/86  9/2/86  9/9/86 

Can  layer  etch  back  — ►  Post  annealing  — *  Bext  mask  — *•  Deep  etching  — * 

9/12/86  9/15/86  9/18/86  9/19/86 

Base  metal  depostlon  — ►  E-con  mask  — >  Emitter  metal  — *■  C-con  mask  — * 

9/22/86  9/29/86  9/25/86  9/26/86 

C-con  etching  and  metallization  — *•  Transistor  alloying  t  testing  — * 

9/26/86  9/29/86 

NlCr  resistor  — ►  1st  Metal  — *■  via  — ►  2nd  Metal 
10/6/86  10/8/86  10/9/86  10/10/86 


Fig.  14  Process  schedule  and  turn-around  time  demonstrated  for  a  3  in.  HBT  wafer  lot. 
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4.3  Isolation 

Semi-insulating  GaAs  substrates  were  used  to  allow  full  device  isolation  in  the 
substrate  region.  Device  isolation  in  epitaxial  layers  was  obtained  by  B  and  He  bombard¬ 
ment.  After  carefully  adjusting  the  implanting  energies,  doses  and  dose  rates,  the  isola¬ 
tion  results  were  quite  satisfactory.  Using  standard  test  patterns  (70  ym  wide  and  10  ym 
spacing)  and  testing  at  3  V,  we  found  the  averaged  emitter-to-emitter  resistance  to  be 
3  Mfl,  the  base-to-base  resistance  2.5  Ma,  and  the  collector-to-collector  to  be  6  Mn.  A 
3  ym  thick  photoresist  layer  was  used  to  protect  active  areas  from  implantation 
damage.  To  maintain  the  resolution  and  the  sharpness  of  the  photoresist,  a  recently 
developed  contrast  enhanced  modulation  (CEM)  technique  was  successfully  adapted  for 
Censor  lithography. 

4.4  Contact  Resistance 

A  major  consideration  for  high-performance  HBTs  is  the  achievement  of  low 

contact  resistances  for  the  emitter,  base  and  collector,  as  well  as  low  extrinsic  base 

resistance.  These  values  were  monitored  in  a  series  of  transmission  line  measurement 

patterns  on  each  wafer.  The  emitter  contacts  were  formed  by  using  multiple  metal 

layers  of  AuGe/Ni/Ti/Au  (instead  of  AuGe/Ni/Au).  Use  of  a  Ti  interlayer  prevented  the 

top  Au  layer  from  intermixing  with  the  bottom  AuGe/Ni  layers  during  the  alloying  cycle, 

resulting  in  improved  ohmic  contact  conductance.  The  values  obtained  for  specific  con- 

tact  resistance  of  GaAs  emitters  were  around  10  x  10'  fl-cm  .  Recently,  we  tried  the 

same  process  on  InAs  emitters;  the  results  are  even  more  impressive.  Without  alloying, 

-7  2 

contact  resistances  as  low  as  2.9  x  10  fl-cm  have  been  observed  (Fig.  15).  We  believe 
that  InAs  cap  material  will  be  used  extensively  in  future  HBTs. 

It  is  known  that  the  base  contact  resistance  strongly  depends  on  the  doping 

concentration  in  the  p-layer.  A  summary  of  results  for  base  contact  resistance  is  shown 

in  Fig.  16.  We  have  recently  achieved  quite  good  results  by  using  increased  base  layer 

-6  2 

doping.  Using  Au/Zn/Au  as  base  contact  metals,  we  have  obtained  2x10  fl-cm  at 

Pb  =  2  x  1019,  1.0  x  10'6  fl-cm^  at  Pb  =  5  x  10^,  and  5  x  10'^  8-cm^  at 

1 9  3 

Pb  =  8  x  10  cm  i  respectively.  In  addition  to  Au/Zn/Au  metals,  we  have  also  evalu¬ 
ated  other  metal  systems  to  identify  the  best  metallurgy/temperature  combination. 
Results  from  this  effort  are  summarized  in  Fig.  17. 
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Fig.  15 

Measured  resistances  in  an  emitter 
contact  transmission  line  pattern 
on  an  InGaAs  contact  wafer,  showing 
low  resistance. 
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Fig.  16 

Measured  specific  contact  resistance 
obtained  with  Au/Zn/Au  contacts  on 
HBT  base  layers  and  p-type  test 
layers. 
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Contact  to  the  collector  is  made  by  etching  a  via  hole  through  the  uppermost 
epilayers  down  to  the  buried  subcollector.  By  using  orientation  selective  wet  etching  of 
GaAs,  via  holes  with  properly  sloped  sidewalls  are  obtained,  so  that  this  process  has 
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Fig.  17 

Measured  contact  resistance  for 
various  candidate  base  contact 
metallization  systems. 
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exhibited  essentially  100%  yield.  AuGe/Ni  was  used  as  the  ohmic  contact  metalliza¬ 
tion.  The  resulting  collector  contact  resistance  was  usually  measured  to  be  in  the 
10~7  fl-cm7  range  as  shown  in  Fig.  18.  Representative  sheet  resistance  of  the  n+ 
subcollector  layer  is  12-15  fl/sq. 

4.5  Interconnects 

To  complete  the  ICs,  resistors  are  formed  by  depositing  NiCr  layers  on  the 
semi-insulating  GaAs  surface  and  interconnecting  the  devices  with  two  layers  of  metal 
separated  by  an  interlayer  dielectric.  A  schematic  cross  section  of  a  completed  IC  is 
shown  in  Fig.  9  above.  The  NiCr  used  to  data  has  had  sheet  resistances  in  the  range  200- 
400  fl/sq.  Good  control  over  the  resistance  has  been  obtained  by  in-situ  monitoring  of 
the  resistance  of  a  test  sample  during  resistor  deposition.  The  uniformity  of  the 
deposited  NiCr  film  was  confirmed  by  the  sheet  resistance  measured  from  the  resulting 
resistors.  As  shown  in  Fig.  19,  a  2.1%  standard  deviation  of  NiCr  resistance  values  has 
been  demonstrated  on  one  3  in.  wafer. 

Transistors  and  NiCr  resistors  were  connected  by  the  sputtered  first-level 
metal.  A  multilayer  metal  system  of  Ti/W/Au/Ti  was  chosen  for  good  conductivity  and 
good  step  coverage.  A  W  layer  was  used  to  prevent  the  reaction  of  the  Au  layer  with  the 
underneath  ohmic/resistor  films  during  the  subsequent  dielectric  deposition  cycles.  Pat¬ 
terning  of  the  first-level  metal  was  achieved  by  photoresist  liftoff.  Since  an  extremely 
low-power  sputtering  was  used,  one  can  lift  off  metals  by  repeated  acetone  soaking  and 
spraying.  The  typical  sheet  resistance  of  the  first-level  metal  is  0.2  fl/sq. 
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Fig.  18 

Measured  resistances  in  collector 
contact  transmission  line  pattern. 
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Fig.  19 

Distribution  of  sheet 
resistance  of  evapor¬ 
ated  NiCr  film  across 
a  3  in.  wafer. 
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We  have  tried  plasma-enhanced  CVD  Si^N^  and  more  recently  polyimide  as  an 
interlayer  dielectric.  The  advantages  of  using  polyimide  include  superior  uniformity,  side 
coverage  and  low  dielectric  constant.  The  measured  relative  permittivity  is  around  4.0, 
which  is  half  of  the  value  of  the  PECVD  Si^N^.  Once  the  vias  were  defined  and  etched 
through,  the  polyimide  (or  Si^N^),  a  thick  Ti/Au  layer  (8000A)  was  sputtered  as  the 
second-level  metal  and  ion  milling  was  used  to  pattern  the  metal.  The  typical  sheet 
resistance  value  of  the  second-level  metal  is  0.05  a/sq,  which  is  one-quarter  of  the  first- 
level  metal. 
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5.0  HBT  CHARACTERIZATION 

The  principal  figures-of-merit  for  HBT  circuit  performance  are  cutoff  fre¬ 
quency,  ft;  transconductance,  gm;  current  gain,  6;  and  threshold  voltage  standard  devia¬ 
tion,  oy.  Values  attained  during  this  program  for  the  figures-of-merit  are:  ft  =  40  GHz; 
gm  =  6000  ms/mm;  6  =  40  in  small  devices  (400  in  larger  HBTs);  and  ov  =  2.5  mV  across  a 
wafer.  Each  parameter  is  highly  favorable  for  a  high-speed  IC  technology.  Other  sub¬ 
sidiary  characteristics  include  parasitic  resistances  and  capacitances,  breakdown  volt¬ 
ages,  temperature  dependences  of  I  vs  V,  leakage  and  saturation  characteristics.  This 
section  discusses  the  test  methodology  used  to  determine  these  transistor  characteris¬ 
tics.  The  experimental  values  obtained  and  a  brief  analysis  are  then  presented. 

5.1  Test  Patterns 

A  significant  fraction  of  the  mask  sets  HB2,  DB1  and  DB2  is  devoted  to  para¬ 
metric  measurements.  There  are  approximately  ten  patterns  in  each  mask  set  devoted  to 
measurements  of  transistors.  Another  ten  patterns  are  used  to  determine  process  param¬ 
eter  values  apart  from  the  HBTs  themselves. 

The  transistor  test  pattern  distributed  most  widely  across  wafers  is  the  QD1 
pattern,  shown  in  Fig.  20.  It  contains  within  it  four  transistors  of  different  sizes  and  a 
resistor.  The  transistors  include  the  minimum  geometry  transistor  (known  as  Ql)  with 
3  urn  x  4.5  pm  emitters;  this  typifies  the  devices  used  in  the  ICs.  Another  transistor  has 
even  tighter  dimensions  (2  pm  x  4.5  pm  emitters)  to  explore  the  possibility  of  more 
aggressive  designs;  one  more  has  much  looser  dimensions  (8  pm  x  20  pm  emitters);  and  a 
final  one  has  very  large  dimensions  (72  pm  x  72  pm  emitters).  This  last  device  has  such  a 
large  area-to-periphery  ratio  that,  as  will  be  shown  below,  its  current  gain  is  not  limited 
by  emitter  edge  recombination.  It  provides  a  measure  of  area-dependent  recombination 
(principally  determined  by  MBE  growth  characteristics).  The  probe-pad  areas  of  QD1  are 
covered  by  contact  metallization  layers  themselves.  Thus,  the  measurements  are  pos¬ 
sible  as  soon  as  all  the  transistor  layers  have  been  deposited  -  it  is  not  necessary  to  finish 
the  wafer  processing  (with  resistors,  vias  and  two  levels  of  interconnect  wiring)  to  deter¬ 
mine  transistor  results. 
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Fig.  20  QD1  test  pattern  for  measurement  of  basic  HBT  characteristics. 

The  QD1  pattern  is  placed  in  a  3  x  3  array  covering  each  lithographic  field. 
Thus,  in  a  representative  Censor -processed  wafer  with  nine  fields  exposed,  there  are  81 
transistors  of  each  of  the  above  types  forming  a  uniform  array.  These  devices  formed 
the  basis  of  wafer  mapping  tests. 

Many  more  test  patterns  examined  the  effect  of  transistor  design  rule 
changes.  Most  critical  dimensions  such  as  emitter  width  or  length  were  varied  in  a  sys¬ 
tematic  way.  This  permitted  evaluation  of,  for  example,  the  variation  of  current  gain 
v'ith  emitter  dimension,  lithography  limits,  etc. 

Finally,  numerous  transistor  patterns  were  devoted  to  significant  changes  in 
transistor  geometry,  including  comparisons  of  "island"  vs  "walled"  emitter  structures, 
devices  with  a  single  base  contact,  transistors  with  multiple  fingers  for  use  as  output 
drivers,  etc. 

The  test  patterns  for  process  monitoring  included,  among  others,  a  variety  of 
transmission  line  method  (TLM)  structures  to  evaluate  layer  resistivity  and  specific  con¬ 
tact  resistance  for  emitter,  base  and  collector  layers.  Also  present  were  isolation  gaps, 
typically  one  of  5  ym  width  and  one  of  10  ym  width,  separating  two  active  areas  with  only 
the  emitter,  base  or  collector  layer  contacted.  Different  gaps  addressed  each  of  the 
layer  types,  so  that  when  leakage  was  detected,  the  faulty  layer  could  be  identified. 
Various  patterns  were  present  for  capacitance  measurements  (large  E-B  or  B-C  junction 
diodes),  metal  line  resistance  (emitter  metal,  base  metal,  and  first-and  second-level 
interconnects),  via  chains,  and  line-to-line  shorting  at  2  ym  and  3  ym  design  rules.  Finally 
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a  variety  of  patterns  were  implemented  to  examine  metal  coverage  across  regions  of 
wafer  nonplanarity.  For  example,  in  Fig.  21  is  seen,  among  other  patterns,  a  "collector 
contact  chain"  in  which  first-level  metal  is  forced  to  go  up  and  down  the  edges  of  holes 
etched  to  the  collector  n+  layer  (1  ym  deep),  35  in  ail,  to  see  if  any  breaks  in  the  line 
occur.  It  is  interesting  to  note  that  in  testing  on  the  order  of  30  of  these  patterns  dis¬ 
tributed  across  many  wafers,  no  open  has  yet  been  found,  indicating  the  effectiveness  of 
the  orientationally  sensitive  etching  procedure  developed  for  the  collector  vias. 


Fig.  21  Test  pattern  to  determine  connectivity  of  various  metal  lines  (including  first- 
level  metal  into  collector  vias)  and  other  process  characteristics. 


To  examine  transistor  ft  directly,  S-parameter  measurements  were  conducted 
using  special  test  patterns.  These  patterns  made  use  of  larger  area  HBTs  than  the  mini¬ 
mum  geometry  Ql,  so  that  stray  pad  capacitance  would  incur  proportionally  less  error. 
Connections  were  made  to  the  device  terminals  in  a  way  which  minimized  emitter  lead 
inductance.  Figure  22  shows  the  two  types  of  microwave  test  patterns  used. 

5.2  Test  System 

For  most  purposes,  manual  probing  of  the  test  patterns  was  done  using  a 
Tektronix  576  curve  tracer  or  HP  4145  semiconductor  parametric  analyzer  to  display  the 
data.  However,  during  the  course  of  this  program,  an  automated  test  capability  was 
developed  for  HBT  wafers.  This  capability  is  based  on  a  previously  developed  system  for 
testing  GaAs  MESFET  wafers,  to  which  software  was  added  for  the  analysis  of  HBT 
data.  The  system  makes  use  of  an  Electroglass  prober,  an  HP  semiconductor  parameter 
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Fig.  22  Test  patterns  for  microwave  HBTs. 

analyzer,  a  crosspoint  switch  matrix,  a  dedicated  Micronova  computer,  and  (on  a  time- 
shared  basis)  a  Data  General  MV8000  computer.  In  a  representative  test,  Ic  and  1^  are 
recorded  vs  (at  =  0)  for  a  given  transistor  type  all  across  the  wafer.  The  Vaw' 
data  can  be  examined  for  any  given  device,  or  the  corresponding  calculated  values  of 
current  gain  vs  V^e  or  vs  Ic  can  be  plotted.  For  any  chosen  threshold  current,  a  corres¬ 
ponding  "threshold  voltage"  (i.e.,  the  value  of  V^g  that  will  produce  a  threshold  output 
current)  can  be  calculated.  Finally,  entire  wafer  statistics  of  any  desired  parameter 
(such  as  threshold  voltage  or  current  gain)  can  be  computed  and  displayed  as  a  table 
(mean  and  standard  deviation),  a  histogram  or  a  wafer  map.  Figures  23a  and  2^b  illus¬ 
trate  some  of  the  output  types  obtainable  with  this  system. 

5.3  Measured  HBT  Characteristics  and  Analysis 

The  basic  I-V  characteristics  of  minimum  geometry  transistors  used  in  most  of 
the  ICs  are  shown  in  Fig.  24.  The  Ic-V^e  and  I^-V^g  characteristics  for  a  related  device 
are  shown  on  a  logarithmic  scale  (Gummel  plot)  in  Fig.  25  for  =  0.  The  forward  cur¬ 
rent  Ic  varies  exponentially  with  V^g  with  an  ideality  factor  close  to  1.0,  up  to  a  limit 
established  by  series  resistance.  The  overall  magnitude  of  the  current  is  typically  in 
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Fig.  23  Representative  output  from  automated  test  system;  (a)  map  and  histogram  for 
transconductance  gm;  (b)  map  and  histogram  of  base  sheet  resistance. 
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close  agreement  with  the  predicted  result  for  heterojunctions  without  potential  barriers 
on  the  emitter-base  junction  region,  as  given  by  Kroemer: 


i 


qD  n?k 
H  n  ib 


PbWb 


exp  (- 


'be 


kT 


(1) 


Here,  Dn,  P^,  ana  n^  are  the  electron  diffusion  coefficient,  hole  concentration, 
thickness,  and  intrinsic  carrier  density  in  the  base  region  of  the  device.  A  close  compari¬ 
son  between  experimental  I-V  curves  and  other  parameters  in  Eq.  (1)  leads  to  an  experi¬ 
mental  determination  of  the  quantity  n^  appropriate  to  the  heavily  doped  p-type  base 
regions.  The  effective  intrinsic  carrier  concentration  is  slightly  higher  than  in  undoped 
material  as  a  result  of  band  gap  narrowing  effects. 


MRDCB4-26200 


Iq  :  ImA/div 

VCE  :  0.5V/div 

lg  :  50  nA/step 


EMITTER  DIMENSIONS  :  1.6^mx5(/m 


9m  mS 

-  =  6000 - 

L  mm 


Fig.  24  Common  emitter  l-V  characteristics. 
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Fig.  25  I q  and  Ig  vs  Vg£  (Gummel  plot)  for  a  representative  HBT. 

In  a  significant  fraction  of  the  cases,  however,  the  collector  current  is  lower 
than  that  given  by  Eq.  (1)  by  up  to  several  orders  of  magnitude,  and  the  ideality  factor  ,s 
somewhat  larger  than  unity.  This  corresponds  to  the  case  where  diffusion  of  acceptors 
from  base  to  emitter  has  occurred.  In  this  situation,  with  the  p-n  junction  somewhat 
inside  the  higher  band  gap  AlGaAs,  a  potential  barrier  is  developed  in  the  conduction 
band,  and  the  junction  turn-on  voltage  is  increased  accordingly.  The  retarding  barrier  for 
hole  injection  into  the  emitter  is  also  decreased,  so  that  the  current  gain  drops 
significantly. 

The  two  cases  can  be  distinguished  experimentally  by  comparing  forward  and 
reverse  I-V  characteristics,  i.e.,  collector  current  vs  and  emitter  current  vs  Vbc,  for 
a  given  device.  As  shown  in  Fig.  26a  for  a  normal  device,  the  two  curves  overlap  up  to 
the  limit  established  by  series  resistance.  This  behavior  is  predicted  by  Eq.  (1).  For  a 
diffused  device,  however,  as  depicted  in  Fig.  26b,  the  reverse  current  is  actually  greater 
(because  the  potential  spike  is  diminished  by  the  potential  profile  near  the  reverse-biased 
junction). 
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Fig.  26  Plot  of  measured  lc  vs  Vfae  (forward  characteristics)  and  Ie  vs  (reverse 
characteristics)  for  (a)  normal  device  and  (b)  device  with  po  ten  tia /barrier  at 
B-E  junction. 

It  can  be  expected  from  Eq.  (1)  that  Vbe  is  highly  uniform.  In  fact,  the  Vbe 
value  required  to  reach  a  current  density  3m  is  given  by 

^°nNcNv 

Vbe  =  Egb/q  -  O'™*"  (TPX)  <2> 

3  m  d  b 

obtained  from  Eq.  (1)  by  reexpressing  nj  in  terms  of  the  base  band  gap  Egb  and  effective 
conduction  and  valence  band  densities  of  states,  Nc  and  Ny.  The  practical  value  of  the 
second  term  is  0.25  V;  it  changes  by  only  2.6  mV  for  a  10%  change  of  any  of  the  variables 
within. 

If  there  is  a  conduction  band  potential  spike  present,  the  value  of  Vbe  at  a 
given  current  is  expected  to  be  quite  sensitive  to  the  "details"  of  the  spike,  however,  and 
the  uniformity  of  the  threshold  voltage  will  be  poorer. 

Experimental  results  for  a  number  of  wafers  are  shown  in  Fig.  27.  Blank  boxes 
appearing  in  the  wafer  maps  near  the  wafer  edges  are  principally  artifacts  due  to  the 
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Fig.  27  Wafer  maps  of  threshold  measured  on  (a)  selectively  etched  HBT  wafer, 
and  (b)  ion-implanted  HBT  wafer. 
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inability  of  the  plotting  routine  to  cope  with  wafers  of  variable  sizes.  The  data  corres¬ 
pond  to  measurements  of  the  minimum  geometry  transistor  (worst  case).  All  the  data 
show  respectable  uniformity,  but  the  standard  deviations  obtained  on  the  selectively 
etched  wafers  (2.3  and  4.1  mV)  are  lower  than  the  corresponding  result  on  the  ion 
implanted  and  annealed  structure  (19  mV),  probably  due  to  a  slight  amount  of  dopant  dif¬ 
fusion  in  the  latter  case. 


The  HBT  transconductance  gm  is  given  implicitly  by  the  above  behavior  of  Ic 
vs  Vbe.  Thus,  the  intrinsic  transconductance  gmo  is  given  by 


9 


mo 


(3) 


as  is  well  known  for  Si  and  Ge  HBTs,  while  the  extrinsic  (terminal)  transconductance  gm 
is  further  limited  by  emitter  and  base  series  resistances,  Rg  and  Rb,  as 


=  ^§mo  +  ^e^a  +  ^b^ 


(4) 


Here,  b  is  the  incremental  current  gain,  and  a  =  B/B+l  is  the  current  transport  factor. 
Experimentally,  gm  can  rise  to  very  high  values  (both  absolutely  and  on  a  per-unit-area 
basis).  In  Fig.  28,  gm  =  70  ms  in  devices  with  emitter  dimensions  1.6  ym  x  12.5  ym  is 
seen.  This  corresponds  to  3.5  ms/ym  of  emitter  area,  or  5600  ms/mm  of  emitter  length 

(to  express  it  in  the  same  units  as  used  to  characterize  FETs).  This  value  is  approaching 

2  5  2 

the  practical  limit  of  13  ms/ym  set  by  the  attainable  current  density  (10  A/cm  )  and 

7  2 

emitter-specific  contact  resistance  (5  *  10  fl-cm  ). 

As  can  be  seen  in  Fig.  24,  the  characteristic  output  conductance  (i.e.,  the 
change  in  collection  current  at  fixed  Ib  with  varying  Vcb)  is  remarkably  low  for  HBTs.  In 
other  terms,  the  value  of  Early  voltage,  Va,  is  remarkably  high.  This  result  also  follows 
from  Eq.  (1);  in  low  leakage  HBTs,  the  principal  way  for  Vcb  to  affect  the  output  is  to 
modulate  the  effective  base  width  Wb  in  Eq.  (1)  due  to  the  penetration  of  the  base  col¬ 
lector  space-charge  region  into  the  base.  For  a  given  increment  of  voltage  &Vcb,  the 
charge  depleted  from  the  base  is  &Q  =  CbcAVcb  =  (e/Wc)&Vcb,  from  which  it  may  be 
found  that 


CbcdVcb 

Wb  =  ~<PbV'  <PbW 
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Fig.  28  Measured  transconductance  vs  Ic  for  a  representative  HBT. 

From  this,  Va  »  Ic/(dIc/dVcb)  =  The  total  base  sheet  doping  concentration 

(or  Gummel  number  PbWfa)  is  much  higher  in  HBTs  than  in  homojunction  devices  (on  the 
order  of  10^  crrT^),  while  the  collector  doping  is  on  the  same  order  for  two,  leading  to 
similar  values  of  base-collector  capacitance  (near  0.4  fF/ym  ).  The  Early  voltage  of 
HBTs  is  thus  expected  to  be  much  higher  than  in  homojunction  transistors,  on  the  order 
of  200-400  V.  Efforts  to  directly  measure  Va  from  the  HBT  I-V  characteristics  have  not 
been  successful,  however,  since  the  effect  is  masked  by  the  changes  in  junction  tempera¬ 
ture  induced  by  changing  Vbs  coupled  with  the  effects  of  heating.  As  described  below, 
this  frequently  gives  the  net  effect  of  negative  output  and  conductance. 

Another  feature  of  the  Ic  curves  evident  in  Fig.  24  is  the  fact  that  Ic  attains 
positive  values  only  after  a  finite  value  of  Vce  is  applied  (0.25  V  in  this  example).  This 
voltage,  commonly  termed  "offset"  or  "turn-on"  voltage,  corresponds  in  conventional 
bipolar  nomenclature  with  Vcesat,  inasmuch  as  this  is  the  value  of  Vce  established  under 
open-circuited  collector  (full  saturation)  conditions.  A  variety  of  physical  mechanisms 
may  affect  Vcesat.  The  simplest  physical  picture,  however,  is  the  following:  To  maintain 
lc  =  0  with  a  forward-biased  emitter-base  junction,  the  forward  current  Ic  predicted  by 
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Eq.  (1)  is  exactly  cancelled  by  a  current  flowing  out  of  the  collector  due  to  the  forward- 
biased  base-collector  junction.  Vce$at  may  then  be  identified  as  the  difference  between 
and  needed  to  establish  Ic.  It  was  noted  that,  for  graded  heterojunction  devices 
in  the  absence  of  base  dopant  diffusion,  the  electron  current  flows  are  symmetric.  This 
implies  that  is  at  most  equal  to,  never  greater  than,  the  corresponding  voltage 
required  to  establish  Ic.  The  base-collector  junction  current  flow  has  a  number  of  other 
important  components,  however,  unlike  forward  operation,  in  reverse  operation  the  cur¬ 
rent  gain  is  much  less  than  unity  due  to  the  large  inverse  doping  ratio  between  the  base 
and  collector  layers.  The  hole  diffusion  current  into  the  quasi-neutral  collector  is  larger 
than  the  electron  flow  in  a  ratio  on  the  order  of 


W'e  =  VD„  *  VLh  *  V"c  *  Abc'Ae  *  <« 

where  Lh  is  the  hole  diffusion  length,  nc  the  collector  doping,  and  A^,  Ae  are  the 
respective  areas  of  the  base-collector  junction  and  the  emitter.  For  a  representative 
case,  this  ratio  is  250,  and  the  hole  diffusion  current-limited  v0ffset  is 
kT/q  an  250  =  145  mV.  In  addition,  there  is  an  even  larger  hole  current  contribution  from 
recombination  in  the  base-collector  space-charge  region.  This  leads  to  an  ideality  factor 
n  =  2  as  observed  in  most  experimental  results.  The  resultant  offset  voltage  is  of  the 
right  magnitude,  and  it  varies  with  current  level,  as  observed  experimentally. 

To  understand  the  magnitude  of  the  HBT  current  gain,  it  is  necessary  to  con¬ 
sider  in  detail  the  base  current  flow  in  normal  operation.  As  depicted  in  Fig.  29,  there 
are  a  number  of  contributions  to  the  base  current,  corresponding  to  electron-hole  recom¬ 
bination  in  the  various  device  regions.  The  contribution  ■bi  from  holes  injected  into 
quasi-neutral  regions  of  the  emitter  is  expected  to  be  small,  in  light  of  the  large  band 
gap  difference  between  emitter  and  base.  In  fact,  i/Ic  “  exp(-AEg/kt)  *  10”*\ 
Similarly,  the  effect  of  recombination  within  the  base  itself  is  not  expected  to  be  large 
because  of  the  very  short  residence  time  of  the  electrons  within  the  base.  Here,  lbl/lc  * 
Tb^Trec’  w^ere  Tb  ‘s  t*ie  ^ase  t1"305*1  time  (on  the  order  of  1  ps)  and  Trec  is  the  minority 
carrier  recombination  lifetime  within  the  base.  For  radiative  recombination,  trec  is 
approximately  1/Bp^,  with  B=  10"1®  cm^  s“l,  leading  to  xrec  «  500  ps.  Nonradiative 
recombination  will  further  decrease  the  lifetime,  but  the  overall  magnitudes  of  the 
recombination  is  still  not  typically  an  important  limitation  of  current  gain.  Accordingly, 
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Fig.  29  HBT  band  diagram  indicating  various  sources  of  base  current. 


the  n  =  1  behavior  of  1^  vs  expected  from  contributions  and  1^  is  seldom  seen 
experimentally. 

The  current  corresponds  to  recombination  in  the  emitter-base  space-charge 
region,  frequently  a  dominant  source  of  base  current.  The  net  recombination  rate  U  for 
the  case  of  strong  forward  bias  is  easily  found  to  be 

u  ■  •  (7) 

where  N  is  the  density  of  recombination  centers,  o  the  carrier  capture  cross  section 
(taken  to  be  equal  for  electrons  and  holes)  and  <v>  an  average  carrier  thermal  velocity. 
For  the  homojunction  case,  as  is  well  known,  pn  =  n^  e\p(q\ ^e/kT)  is  constant  across  the 
p-n  junction,  and  as  a  result  U  has  a  strong  maximum  at  the  plane  where  p  =  n  = 
njexp(qV|;)e/2kT).  The  net  recombination  current  density  is 


Jb2  =  qU  =  qNo<v>Wrnj  exp(qVfae/2kT)  ,  (8) 

where  Wr  is  an  effective  width  on  the  order  of  kT/qem,  with  em  the  junction  electric 
field.  In  the  case  of  graded  HBTs,  n^  is  a  function  of  position,  so  that  pn  is  not  constant 
throughout  the  space-charge  layer.  U  again  reaches  a  sharp  maximum,  not  where  p  =  n, 
but  rather  where  n/p  =  |  en/ep|. 
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en  and  £p  are  the  effective  electric  fields  for  electrons  and  holes,  respec¬ 
tively,  taking  into  account  both  the  electrostatic  potential  and  the  gradients  of  the  con¬ 
duction  and  valence  band  energies.  An  expression  approximately  equivalent  to  Eq.  (8)  is 
typically  expected,  with  ideality  factor  only  approximately  equal  to  2,  and  with  an 
intrinsic  carrier  concentration  nje£^  that  corresponds  to  a  band  gap  greater  than  that  of 
the  emitter.  An  ideality  factor  n  very  close  to  2.0  is  observed  experimentally  over  many 
orders  of  magnitude  of  current  for  most  large  area  (72  ym  x  72  pm)  HBTs.  As  shown  in 

Fig.  30,  the  current  gain  at  a  fixed  collector  current  density  tends  to  decrease  with 

-1/2 

increasing  base  doping,  approximately  as  '  .  This  roughly  corresponds  with  the  fact 
that  Ic  varies  as  P^1,  so  that  higher  is  required  to  attain  a  fixed  current  density  with 
high  doping.  Through  Eq.  (8),  the  base  current  is  then  also  increased,  but  by  the  square 
root  of  the  base  doping  increase  to  correspond  with  the  V^/2  dependence. 


MNDCMtOO 


Pb  ^5»101Bcm‘3  Pb  =  2x1019cnT3  Pb  =  4  x  1019  cm'3 

h„  --  55  h„  "  30  h*  -  20 
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EMITTER  SIZE  2  5  ym  x  12  ym 
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HORIZONTAL:  VCE  (0  2v/DIV) 


Fig.  30  I-V  characteristics  of  a  series  of  HBTs  with  varying  base  doping. 


A  final  contribution  to  the  base  current,  1^,  is  given  by  recombination  at  the 
edges  of  the  emitter.  In  this  work,  two  types  of  emitter  edges  were  present:  one  edge 
where  the  emitter  is  limited  by  lattice-damaged  isolation  regions,  as  shown  in  Fig.  31  in 
line  AA';  and  another  edge  where  the  emitter  is  limited  by  extrinsic  base  regions  (line  BB' 
in  Fig.  31).  Both  edges  are  important  sources  of  recombination.  To  distinguish  these 
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Fig.  31 

Schematic  HBT  layout  showing  sources 
of  emitter  periphery  recombination, 
along  AA'  for  isolation  edges  and 
along  BB'  for  base  contact  edges. 


from  area-dependent  recombination,  the  most  direct  procedure  is  to  compare  I-V  charac¬ 
teristics  of  devices  with  varying  dimensions.  For  example,  Fig.  32  plots  Ic  and  Ib  at  a 
fixed  V^e  value  for  a  number  of  devices  differing  only  in  emitter  width,  Wg.  The  results 
for  Ic  form  a  straight  line  passing  through  the  origin.  The  corresponding  1^  values  also  fit 
a  straight  line,  but  the  data  extrapolate  to  a  nonzero  intercept  at  Wg  =  0.  This  intercept 
provides  a  measure  of  the  periphery  base  current  associated  with  the  two  emitter  edges 
bordering  the  extrinsic  base  of  length  Lg.  The  periphery  current  is  a  sizable  fraction  of 
the  total  current  for  devices  of  less  than  2  pm  dimension.  The  severity  of  the  periphery 
effect  corresponds  roughly  with  the  very  large  value  of  surface  recombination  velocity  in 
GaAs.  By  examining  the  I-V  characteristics  of  the  smallest  periphery-dominated  devices, 
it  may  be  inferred  that  the  edge  recombination  current  has  an  ideality  factor  n  near 

(  D\ 

2.0.  This  is  in  accord  with  the  predictions  of  C.  Henry  for  the  exposed  edges  of  double 
heterostructure  diodes. 

The  temperature  dependences  of  the  transistor  characteristics  are  implicit  in 
the  expressions  already  discussed  for  lc  and  1^.  From  Eq.  (1),  for  example,  it  is  readily 
observed  that  Ic  increases  rapidly  with  temperature  at  a  fixed  V^g,  or  conversely,  for  a 
fixed  Ic,  decreases  by  approximately  1  to  1.5  mV/°C.  Similarly,  1^  increases  with 
temperature  at  a  fixed  V^.  If  one  examines  the  current  gain  at  a  fixed  Ic,  one  finds  the 
gain  decreases  with  increasing  temperature.  This  occurs  because  the  rate  of  increase  of 
is  proportionally  greater  than  that  of  Ic,  due  to  the  fact  that  1^  depends  on  nj  at  some 
point  within  the  graded  emitter-base  junction,  while  Ic  depends  on  nj  in  the  base  region. 
Due  to  the  higher  band  gap  of  the  alGaAs,  nj  in  the  junction  region  increases  more 
rapidly  with  temperature.  Experimental  data  for  variations  with  temperature  of  and 
8  are  shown  in  Figs.  33  and  34. 
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Fig.  32 

Measured  Ic  and  In  at  a  fixed 
V^BE  for  a  series  of  HBTs  with 
varying  emitter  width,  illustrat¬ 
ing  periphery  recombination. 
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Fig.  33 

Measured  temperature  variation  of 
Ic  vs  Vjje  for  representative  HBT. 


MAOCtt  3002  J 


Microwave  measurements  were  used  to  study  the  dynamic  characteristics  of 
the  HBTs.  The  devices  were  probed  with  a  Cascade  Microtech  probe  system;  S-param- 
eters  were  measured  with  an  HP8510  network  analyzer.  From  the  S-parameters,  values 
of  current  gain  maximum  available  gain  MAG,  and  unilateral  gain  U  were  com¬ 
puted.  Results  are  shown  in  Fig.  35  for  a  HBT  wafer  fabricated  with  ion  implantation 
and  in  Fig.  36  for  one  processed  with  selective  etching.  ft  values  for  each  are  above 
35  GHz;  fmax  values  are  of  the  same  order. 


42 

C8494D/sn 


Rockwell  International 

Science  Center 


SC5497.FR 


Fig.  34 

Measured  current  gain  vs  temperature 
for  representative  HBTs. 


Temperature  (C) 


Fig.  35 

Measured  gain  vs  frequency  inferred 
from  S  parameter  measurements  of  ion- 
implanted  HBT. 


The  cutoff  frequency  ft  is  inversely  related  to  xec,  the  total  transit  time  of 
electrons  from  emitter  to  collector.  From  ft  =  35  GHz,  a  transit  time  of  4.5  ps  is 
inferred.  This  value  is  in  good  accord  with  what  is  expected  from  consideration  of  the 
different  components  of  xec:  the  emitter  capacitance  charging  time,  the  base  transit 
time,  and  the  contribution  from  the  base-collector  depletion  region  transit  time  (one-half 
of  the  total  transit  time)  are  each  on  the  order  of  1  ps.  The  remaining  collector  capaci¬ 
tance  charging  time,  given  by  the  product  of  base-collector  capacitance  (mostly 
extrinsic)  with  the  sum  of  emitter  and  collector  parasitic  resistances,  is  on  the  order  of 
1.5  ps.  This  last  contribution  could  be  reduced  significantly  by  superior  fabrication.  The 
"intrinsic  ft",  which  ignores  the  parasitic  contributions,  is  on  the  order  of  50  GHz. 
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Fig.  36 

Microwave  gain  vs  frequency  for  a 
selectively  etched  HBT. 
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6.0  DEVICE  MODELING 

Accurate  models  are  essential  to  guide  device  and  circuit  development  efforts, 
particularly  those  involving  new  technologies  without  extensive  data  bases.  At  Rockwell, 
HBT  modeling  has  been  carried  out  at  several  levels.  SPICE  is  a  circuit  simulation 
program  for  nonlinear  circuit  analysis.  NODAL  is  a  Rockwell-written  program  for  linear 
circuit  analysis.  SEDAN  is  an  one-dimensional  modeling  program,  which  predicts  the 
device  performance  from  the  epitaxial  layer  structure.  PARAM  is  also  a  Rockwell- 
written  program  that  calculates  the  input  parameters  for  SPICE  and  NODAL  from  the 
layer  structure,  transistor  geometry,  and  measured  I-V  characteristics  of  HBTs.  In 
addition,  analytical  approaches  were  developed  to  supplement  the  numerical  calculations 
of  SEDAN.  These  programs  are  described  in  the  following. 

SPICE 

The  SPICE  program  has  been  used  extensively  at  Rockwell  for  the  simulation 
of  HBT  digital  and  analog  circuits.  SPICE  uses  the  modified  Gummel-Poon  model  which 
represents  well  the  HBT  terminal  characteristics.  In  particular,  there  are  sufficient 
adjustable  parameters  in  the  SPICE  representation  that  no  changes  in  the  SPICE  code 
have  been  necessary,  with  the  exception  of  a  change  in  the  implicit  sign  of  the 
temperature  dependence  of  the  current  gain.  A  set  of  input  parameters  describing  a 
given  transistor  is  required.  For  example,  in  Fig.  25  above,  the  Gummel  plot  for 
fabricated  HBTs  is  compared  to  the  result  obtained  by  an  appropriately  fitted  SPICE 
model.  To  adequately  fit  the  temperature  dependence  of  current  gain,  it  is  necessary  to 
change  the  SPICE  source  code,  allowing  beta  to  decrease  with  temperature.  Good  fits 
with  experiment  may  then  be  obtained,  as  illustrated  in  Figs.  33  and  34  above.  For  a 
given  circuit,  the  program  outputs  the  simulated  circuit  performance  which  have 
matched  experimental  results  closely  (typically  within  20%).  The  plotting  capability  was 
enhanced  with  a  Versatec  plotter. 

NODAL 

NODAL  is  a  program  for  linear  circuit  analysis.  It  calculates  S-parameters, 
noise  figure,  input/output  impedance,  etc,  for  lumped  element  circuit  models.  For  a 
given  transistor  model,  the  estimated  values  of  the  lumped  elements  are  required  as 
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inputs  for  the  calculation.  This  analysis  program  forms  the  core  of  the  high  frequency, 
small  signal  transistor  modeling.  For  example,  the  maximum  frequency  of  oscillation, 
fmax»  of  a  HBT  can  be  estimated  with  NODAL. 

SEDAN 

The  original  one-dimensional  SEDAN  program  for  Si  bipolar  devices  from 
Stanford  University  has  been  adapted  for  HBTs.  For  a  given  layer  structure,  doping  and 
physical  constants  such  as  mobility,  lifetime,  etc.,  the  program  solves  simultaneously 
Poisson's  Equation,  transport  equations  (drift  and  diffusion),  and  continuity  equations. 
The  band  gap  variation  with  composition  is  included  properly.  The  solution  that  satisfies 
the  boundary  conditions  imposed  by  the  bias  voltages  V^e  and  V^,  gives  the  electrostatic 
potential  and  the  electron  and  hole  concentrations  as  functions  of  depth.  From  these 
quantities,  one  can  calculate  the  band  diagram,  current  densities,  current  gain,  junction 
capacitances,  transit  times  and  cutoff  frequency  ft. 

Since  an  HBT  is  a  vertical  device,  this  program  is  quite  useful  in  predicting  the 
above  HBT  characteristics.  Predictions  of  the  dependence  of  ft  on  current  density  and 
emitter  doping  have  been  shown  earlier  in  Fig.  2.  Questions  arising  in  the  design  of  a 
MBE  layer  structure  may  be  readily  answered.  For  example,  Fig.  37  shows  the  calculated 
band  diagram  for  a  MBE  wafer  actually  grown  at  high  forward  bias  operation.  Figure  38 
shows  the  associated  hole  concentration  vs  depth  for  the  device.  These  calculations  have 
been  used  for  a  variety  of  purposes,  such  as  to  estimate  the  amount  of  A1  grading  needed 
at  the  cap-emitter  junction  to  avoid  series  resistance  problems;  to  verify  that  the 
emitter  AlGaAs  layer  is  sufficiently  thick  to  suppress  recombination  in  the  emitter;  and 
to  verify  that  the  collector  doping  is  enough  to  suppress  base  push  out. 

SEDAN  is  limited,  since  it  is  based  on  the  conventional  drift  and  diffusion 
expressions  for  electron  current  and  it  is  only  one-dimensional.  Velocity  overshoot 
effects  were  included  in  an  ad  hoc  manner.  It  cannot  model  the  effects  of  lateral  device 
structure,  such  as  contact  resistance,  extrinsic  base  collector  capacitance,  and  emitter 
current  crowding. 
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Fig.  37 

Calculated  band  diagrams  and  carrier 
quasi-Fermi  levels  for  Rockwell  HBT 
structure  under  high  forward  bias 
(Jc  =  5  x  10“  A/cm 2). 


Fig.  38 

Distribution  of  hole  density  in  the 
device. 


PARAM 

To  incorporate  effects  of  lateral  device  structure  on  its  terminal  characteris¬ 
tics,  a  two  or  three-dimensional  numerical  model  would  be  desirable.  Currently,  such 
programs  for  FIBTs  are  not  available  at  Rockwell.  Instead,  a  program  PARAM  was 
developed  to  carry  out  limited  calculations  by  evaluating  analytic  expressions,  identical 
to  those  applicable  to  Si  bipolar  transistors.  Inputs  to  the  program  are  the  three-dimen¬ 
sional  structure  of  the  transistor,  its  measured  I-V  characteristics,  measured  contact 
resistances,  etc.  PARAM  then  provides  accurate  estimate  of  terminal  resistances  and 
capacitances  for  SPICE  and  NODAL.  It  also  estimate  the  cutoff  frequency  ft  and  maxi¬ 
mum  oscillation  frequency  fmax  from  analytic  expressions. 
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7.0  CIRCUIT  DESIGN  AND  PERFORMANCE 

Two  mask  sets,  DBI  and  DB2,  were  designed  and  laid  out  in  this  program.  In 
each  set,  there  w'ere  numerous  test  patterns,  some  small-scale  ICs  and  MSI  circuits  spe¬ 
cifically  designed  for  this  project.  These  test  patterns  were  designed  for  studying 
discrete  HBTs  of  different  geometries,  monitoring  the  processing  techniques  and  experi¬ 
menting  with  new  ideas.  The  SSI  circuits  included  nonthreshold  logic  (NTL)  ring  oscil¬ 
lators,  CML  ring  oscillators  and  frequency  dividers.  These  SSI  circuits  were  used  to  test 
mainly  the  speed  performance  associated  with  each  processing  improvement.  Several 
record-high  speed  performances  were  achieved  with  these  circuits. 

In  DBI,  we  have  implemented  MSI  circuits  and  protocol  test  chips.  The  MSI 
circuits  included  8-bit  universal  shift  registers  and  8:1  MUXs.  Three-bit  registers  and 
gated  full  adders  were  designed  with  different  output  protocols  for  comparison  of  speed- 
power  performances.  Each  of  these  circuits  were  implemented  with  HBTs  of  different 
geometries. 

In  addition  to  these  circuits  included  in  DBI,  we  have  added  in  DB2  1:8 
DEMUXs,  2:1  MUXs  and  1:2  DEMUXs.  These  DEMUXs  were  implemented  with  a  new 
design  as  described  below.  The  2:1  MUXs  and  1:2  DEMUXs  have  appropriate  timing  and 
control  signals  brought  out  to  the  pads,  which  allows  cascading  of  each  kind  of  circuits 
into  higher  numbers  of  bits  in  a  tree-type  architecture.  In  the  following,  the  details  of 
the  design  and  performance  are  described. 

7.1  Design  Considerations 

Circuit  design  closely  resembles  that  of  high-speed  Si  bipolar  circuits.  The 
circuits  were  based  on  CML  in  which  current  is  steered  between  alternate  load  resistors 
depending  on  the  inputs.  The  gate  automatically  produces  complementary  outputs.  In 
most  cases,  both  of  these  outputs  were  used  to  transmit  signals  differentiallly  to 
succeeding  gates,  making  the  circuits  insensitive  to  power  supply  and  temperature  varia¬ 
tions.  Series-gated  CML  gates  were  used,  enabling  two  levels  of  logic  to  be  accomp¬ 
lished  with  the  same  current  source,  as  shown  in  Fig.  39.  Typically,  Vcc  was  held  at  0  V 
and  Vee  was  -4.5  V.  The  source  current,  Iee,  controlled  by  Vs,  was  generally  1  mA.  The 
on-chip  logic  swing  was  0.4  V.  A  compound  gate  thus  has  a  power  dissipation  of  4.5  mW, 
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and  a  logic  capability  of  up  to  three  equivalent  NOR  gates.  V$2>  V$2  and  reference  volt¬ 
ages  are  generated  on-chip,  generally  with  provisions  for  off-chip  voltage  trimming.  So 
far,  no  temperature  compensation  on  the  outputs  has  been  used. 

7.2  Input/Output  Subcircuits  and  Protocols 

The  CML  gate  was  also  used  as  the  input  buffer,  as  shown  in  Fig.  40a.  It 
accepts  either  differential  inputs  or  a  single  input  with  a  dc  reference  voltage  Vref. 
When  the  single  input  was  used,  Vref  was  held  at  the  mid-point  of  the  input  logic  at 
-1.3  V.  Due  to  to  the  current-steering  nature  of  the  CML  circuits  and  the  high  transcon¬ 
ductance  of  HBTs,  input  signals  of  very  low  voltage  swing  are  acceptable. 


•  CURRENT-MODE  LOGIC 
-  SERIES-GATING 
(BILEVEL  LOGIC) 


•  COMPLEMENTARY  OUTPUTS 

-  DIFFERENTIAL  SIGNAL 
ROUTING 

•  LOW  POWER 

-  LOGIC  SWING  0.4V 

-  I,  =  1  mA 

-  Vee  =  -4.5V 
(4.S  mW  FOR  ABOUT  3 
EQUIVALENT  NOR  GATES) 

•  IDENTICAL  "MINIMUM  GEOMETRY"  HBTs  USED  THROUGHOUT 

•  COMPATIBLE  IN/OUT  PROTOCOLS  WITH  Si  DEVICES 

Fig.  39  Circuit  diagram  of  a  representative  series-gated  CML  logic  gate,  as  used  for 
the  HBT  circuits. 


One  of  the  major  concerns  of  circuit  design  is  the  design  of  output  buffers, 
which  bring  the  signals  on-chip  to  the  outside  world.  A  proper  output  driver  is  necessary 
for  a  useful  devices,  especially  for  high-speed  signals.  Design  considerations  of  such 
drivers  include  the  impedance  match,  power  consumption,  speed  (rise  and  fall  time, 
propagation  delay)  and  output  voltage  levels. 

We  have  studied,  with  SPICE  simulation,  three  kinds  of  output  drivers  for  cir¬ 
cuits  implemented  with  HBTs.  These  are  buffers  of  emitter-coupled  logic  (ECL),  HBT 
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INPUT 
Vcc  {0V| 


Fig.  40 

Circuit  diagram  for  HBT  input  buffer. 


emitter-coupled  logic  (HECL)  and  CML.  Figure  40b  shows  the  representative  circuit 
diagram  for  ECL/HECL  and  CML  output  drivers.  The  difference  between  ECL  and  HECL 
is  the  supply  voltage  Vccj;  0  V  for  HECL  and  1  V  for  ECL.  The  voltage  levels  of  each 
protocol  are  listed  in  Table  3.  The  ECL  driver  is  designed  to  be  compatible  with  the  Si 
world.  HECL  drivers  are  intended  for  signal  transfer  among  HBT  devices.  CML  outputs 
are  terminated  to  ground  via  50  n  resistors.  Thus,  it  does  not  require  a  pulldown  circuit 
and  is  convenient  to  use.  Output  transistors  (Q2)  capable  of  carrying  high  current  (up  to 
20  mA)  were  used.  The  output  logic  swing  is  adjustable  via  the  voltage  Vs2  that  controls 
the  current  through  the  gate.  For  ECL/HECL,  the  absolute  output  voltages  can  be  deter¬ 
mined  via  Vccj.  Using  50  n  pulldowns  to  -2  V  termination  voltage,  Eel  output  levels 
were  easily  obtained.  This  allows  direct  communication  between  HBT  circuits  and  Si 
ECL  circuits.  Complementary  outputs  are  provided,  which  reduce  noise  generation  due 
to  ground  and  supply  line  inductance  associated  with  packaging. 


Table  3 

Output  Logic  Levels  of  HBT  Drivers 


High 

Low 

Protocols 

(V) 

(V) 

ECL 

-0.9 

-1.7 

HECL 

-1.5 

-2.0 

CML 

0 

-0.5 
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Figure  42  shows  the  speed-power  plots  of  the  20-80%  risetime  vs  on-chip  power  consump¬ 
tion.  HECL  drivers  provide  best  speed-power  performance  among  the  three  protocols. 

The  ECL/HECL  output  was  improved  by  adding  emitter  followers  before  the 
output  emitter  follower  transistors,  and  adjusting  Vccl  (for  ECL).  We  have  implemented 
both  "old"  and  "new"  ECL/HECL  drivers  on  some  of  the  circuits  described  below. 

7.3  Reference  Voltage  Generators 

There  are  two  kinds  of  reference  voltage  involved  in  the  HBT  CML  circuits. 
The  first  is  for  the  inputs  of  a  CML  gate,  Vref.  The  second  is  to  control  the  current 
through  a  CML  gate,  Vs.  the  Vref  for  an  internal  CML  gate  should  be  set  at  the  mid¬ 
point  of  the  on-chip  voltage  swing,  and  that  for  an  input  buffer  at  the  mid-point  of  the 
input  voltage  swing.  Independent  V$  generators  are  used  for  the  internal  CML  gate  and 
the  output  buffer,  since  they  required  different  currents.  Temperature  compensation  is 
not  included. 


14:56:07  5/14/55 

SPEED  POWER  PLOT 


ON-CHIP  POWER  CmWJ 

Fig.  42  Risetime  vs  power  dissipation  for  various  output  driver  circuits  according  to 
SPICE  simulations. 
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The  circuit  diagram  of  the  internal  Vre{  generator  is  shown  in  Fig.  43.  The 
same  source  current  as  in  the  internal  CML  gate  flowing  through  one-half  the  typical 
load  resistor  in  a  CML  gate  sets  the  Vre^  at  the  mid-point  of  an  on-chip  voltage  swing. 
This  swing  is  typically  from  -0.4  V  to  0  V.  An  example  of  the  VreJ  generator  for  an  input 
buffer  is  shown  in  Fig.  44  for  ECL  input/output  protocol.  This  circuit  makes  use  of  the 
Vj^  drop  of  a  large  HBT  (transistor  H4)  to  get  a  Vref  of  about  -1.3  V  as  needed  here. 


Fig.  43 

Reference  voltage  generator  for 
internal  circuits. 


Vcc=0 


Fig.  44 

Reference  voltage  generator  for 
external  ECL  inputs. 


VCC=0 


A  current  source  is  required  for  each  CML  gate.  The  current  is  controlled  by  a 
voltage  reference,  V$,  which  is  generated  by  a  V$  generator.  The  current,  ls,  that  flows 
through  each  CML  gate  depends  on  the  configuration  of  the  Vg  generator,  the  number  of 
gates  that  share  the  same  generator,  and  the  supply  voltages  Vcc-Vee.  A  SPICE  simula¬ 
tion  study  was  carried  out  to  quantitatively  evaluate  this  dependence. 


53 

C8494D/sn 


Rockwell  International 

Science  Center 


SC5497.FR 


The  circuit  diagram  of  the  V$  generator  and  a  typical  current  source  load  is 
shown  in  Fig.  45.  Here,  two  V$  generators  are  connected  in  parallel  as  used  in  most  of 
our  HBT  circuits  to  increase  the  driving  capability.  To  take  care  of  the  loading  of  N-cur- 
rent  sources,  the  HBT  in  the  current  source  in  the  simulation  was  magnified  in  area  by  a 
factor  of  N,  and  the  source  resistor  was  reduced  by  a  factor  of  N  as  shown  in  Fig.  45.  In 
this  way,  N  times  of  1$  flows  through  the  1  fl  resistor. 


Fig.  45 

Circuit  diagram  for  Vs  generator. 

A  representative  current  load  equiva¬ 
lent  to  N  gates  is  also  included. 


The  DB2-Q1  SPICE  parameters  were  used.  The  calculated  current  I$  for 

different  R's  in  the  Vg  generators  and  for  various  numbers  of  load  N  are  plotted  in 

Fig.  46.  We  note  that  the  current  I.  depends  on  R  more  than  on  N;  from  detailed  fitting 

S  -3/4 

one  obtains  approximately  that  I$  is  proportional  to  R  '  .  For  a  fixed  number  of  loads, 
Fig.  46  is  useful  to  determine  the  value  of  R  to  draw  a  specific  current  Ig  through  each 
CML  gate. 

Current  pulldown  circuits  were  added  in  the  Vs  generators.  These  additional 
circuits  were  intended  for  fast  discharge  for  capacitance  associated  with  the  V$  voltage 
line.  They  may  be  useful  for  reducing  the  ac  transient  noise  generated  or  induced  on  the 
Vg  line  when  the  number  of  load  is  small  (so  there  is  not  enough  total  base  current  from 
the  loading  circuits  to  reduce  such  transient).  In  the  dc  only  case,  our  simulation  shows 
no  change  in  current  Is  due  to  these  additional  circuits. 
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Fig.  46  Dependence  of  logic  source  current  on  resistor  value  in  V$  generator,  as  a 
function  of  load  number  N. 

Simulation  showed  that  lg  varies  linearly  with  V£e,  as  expected.  Throughout 
the  study,  Vcc  was  kept  at  0  V.  In  the  HBT  circuits,  we  generally  separate  the  Vccis  for 
the  V$  generators  and  the  others,  and  bring  them  out  separately  to  pads.  This  allows 
convenient  adjustment  of  current  I$  by  changing  Vcc»s  of  Vg  generators. 

7.4  SSI  Circuits 

Ring  oscillators  and  frequency  dividers  were  implemented  in  the  mask  sets  to 

monitor  the  speed  performance.  On  the  best  wafer,  which  includes  proton  implant  to  the 

collector  layer  just  under  the  external  base  region  to  reduce  Cbe,  the  following  high- 

12  uc 

speed  results  were  obtained;  ’  17-stage  NTL  ring  oscillators  operated  with  propagation 
delays  down  to  16.5  ps  per  stage,  with  power  consumption  of  about  11  mW  per  stage 
(Fig.  47);  19-stage  CML  ring  oscillators  operated  at  27.6  ps/stage  and  5.8  mW/stage 
(Fig.  48).  HBT  frequency  dividers  (i  4)  were  functional  with  input  frequencies  of  up  to 
11  GHz,  with  power  consumption  of  300  mW  (Fig.  49).  These  room-temperature  high¬ 
speed  performances  are  among  the  fastest  ever  reported  on  bipolar  devices. 
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Fig.  47  Nonthreshold  logic  (NTL)  gate,  ring  oscillator  photograph  and  representative 
operating  frequency. 

7.5  MSI  Circuits 

7.5. 1  Eight-Bit  Universal  Shift  Register 

Shift  registers  are  common  and  important  circuits  in  digital  electronics.  They 
are  often  used  for  data  buffering,  processing  and  storage.  There  are  several  types 
depending  on  the  in/out  mode  (i.e.,  in  parallel  or  in  series).  A  universal  shift  register 
allows  either  parallel  or  series  input  determined  by  a  mode  selection  (MODE).  Parallel 
output  from  each  bit  and  serial  output  from  the  last  bit  are  available. 

The  design  of  an  8-bit  universal  shift  register  is  shown  schematically  in 
Fig.  50.  Each  bit  contains  an  input  buffer,  a  2:1  MUX,  a  CML  master-slave  latch,  and  an 
output  buffer.  The  fabricated  shift  register  is  shown  in  Fig.  51.  Figure  52  illustrates  the 
operation  of  a  fully  functional  shift  register  in  the  shifting  mode  at  low  frequency.  To 
test  the  high-speed  performance,  it  is  worthwhile  to  have  synchronized  clock  and  input 
signals.  A  HBT  frequency  divider  on  a  separate  chip  was  used  for  this  purpose. 
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OUTPUT  WAVEFORM  (*  3) 

MINIMUM  DELAY  PER  STAGE: 
=  23.6  pS 


Fig.  48  Schematic  CML  ring  oscillator,  microphotograph  and  representative  output 
waveform. 

Figure  53a  shows  the  clock  at  3.2  GHz  and  its  i  4  signal  used  as  the  input  to  bit  0  of  the 
shift  register.  Outputs  of  bits  0  and  l  are  shown  in  Fig.  53b,  with  the  expected  relatively 
delay  of  one  clock  period.  Only  wafer-probe  characterization  was  carried  out;  it  is  likely 
that  output  waveforms  have  been  degraded  somewhat  by  the  probe  inductance. 

This  circuit  is  the  fastest  reported  universal  shift  register  to  date.  It  is  worth¬ 
while  to  note  that  the  maximum  clock  frequency  of  a  universal  shift  register  of  this 
design  if  l/(3Td),  where  Td  is  the  propagation  delay  of  a  compound  CML  gate.  By  com¬ 
parison,  the  maximum  frequency  of  a  corresponding  serial  shift  register  (used  in  numer¬ 
ous  DEMUX  circuits)  is  l/(2Td). 

The  power  dissipation  of  the  shift  register  was  500  mW,  exclusive  of  the  power 
consumed  in  the  output  driver  transistors.  The  circuit  yield  was  outstanding.  On  the 
best  wafer,  on  the  order  of  30%  of  the  devices  were  fully  dc  functional. 
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MASTER  SLAVE  FLIP-FLOP 
CONFIGURED  AS  2 


SERIES  -  GATED  CML  LATCHES 


f,%  =  11  GHz 


P  --  270  mW 

Fig.  49  Frequency  divider  logic  diagram  and  representative  output  waveform  for 
1 1  GHz  operation. 


*c  j 
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Fig.  50  Schematic  diagram  of  HBT  8-bit  Universal  shift  register. 
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Fig.  51  Fabricated  Universal  shift  register  with  280  transistors. 


SC37122 


(a) 


out  o 

OUT  1 
OUT  2 
OUT  3 


OUT  4 
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OUT  6 
OUT  7 


(b) 


Fig.  52  Low  frequency  operation  of  8-bit  shift  register. 


7.5.2  8:1  Multiplexer 

A  high-speed  MUX  is  one  of  the  key  circuits  for  communication  systems, 
narticularly  lightwave  systems.  The  MUX  has  parallel  inputs  and  one  serial  output  that 
send  out  input  data  in  sequence.  It  allows  communication  of  several  channels  with  only 
one  communication  line  and  data  transmission  via  one  channel.  We  chose  to  design  and 
fabricate  8-bit  MUXs  for  high  speed  lightwave  applications,  and  for  demonstration  of 
feasibility  and  performance  of  MSI  implementation  of  HBT  circuits. 
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ON  SEPARATE  CHIP) 

CLOCK  (3.2  GHz) 

REPRESENTATIVE  OUTPUTS 

OUTPUT  1 

OUTPUT  2 


SC36S90 


Fig.  53  Input  and  output  waveforms  showing  shift  register  operation  with  a  3.2  GHz 
clock. 


The  circuits  diagram  is  shown  in  Fig.  54a.  A  free  architecture  >  used.  The 
eight  inputs  are  accepted  by  input  buffers  which  shift  the  voltage  levels  to  those  of  the 
on-chip  logic.  They  are  then  latched  to  CML  bilevel  latches.  A  pipeline  structure  was 
chosen  so  that  four  out  of  eight  bits  are  latched  longer  then  others  by  a  second  group  of 
latches.  This  allows  fast  performance.  On  the  upper-right  part  of  the  diagram,  there  are 
seven  2:1  MUXs  (Fig.  54b)  in  groups  of  four,  two  and  one  to  carry  out  standard  8:1 
multiplexing.  On  the  lower  part  are  the  timing  circuits  to  generate  clock  signals  for 
latches  and  2:1  MUXs.  A  synchronization  signal  (SYNC)  is  needed  for  initialization  of 
the  counters.  The  required  timing  signals  are  realized  by  ;  4,  i  2  and  simple  logic  gates. 
One  of  the  timing  signals  (S*)  is  sent  out  for  timing  purposes. 

The  timing  diagram  is  shown  in  Fig.  54c.  The  relative  timing  of  all  the  timing 
s’gnals  is  clearly  illustrated.  The  sequence  of  bit  output  is  shown  on  the  top,  as  well  as 
the  controlling  logic  for  sending  out  each  bit.  Times  for  loading,  latching  and  reading  the 
data  bits  are  indicated  at  the  bottom  for  the  application  to  data  transmission. 

The  circuits  were  studied  with  SPICE  simulation.  Optimization  of  the  circuits 
was  achieved  with  the  help  of  the  simulation  runs  by  selecting  the  clock  signals  for 
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latches  of  the  input  data  and  by  matching  time  of  the  2:1  M'JXs.  The  output  and  input 
signals  are  shown  in  Fig.  55.  ECL  logic  levels  were  used  for  input  and  output  signals  in 
the  simulation.  The  voltage  levels  of  these  signals  in  this  figure  were  shifted  for  illustra¬ 
tion  only.  The  eight  inputs  shown  in  the  bottom  part  were  applied  to  the  input  ports. 

The  clock  and  serial  outputs  of  the  simulation  are  shown  on  the  top.  Proper  logic  and 
timing  were  observed  in  the  serial  output  for  a  clock  rate  of  5  GHz.  This  rate  corres¬ 
ponds  to  a  MUX  rate  of  10  Gb/s. 

09:«7tl9  9/  4/BS 

e  to  i  multiplexer 
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Fig.  55 

Simulated  performance  of  8:1  MUX 
according  to  SPICE  modeling. 
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The  fabricated  8:1  MUX  is  shown  in  Fig.  56.  The  timing  and  control  circuits, 
input  latches,  and  all  but  the  last  2:1  MUXs  worked  properly.  However,  a  mask  error  in 
the  last  2:1  MUX  prevented  the  full  functionality  of  the  8:1  MUX.  This  work  is  being 
continued  under  IRicD  support. 
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Fig.  56  Fabricated  8:1  MUX  circuit. 

7.5.3  1:8  Demultiplexer 

For  the  receiving  end  of  data  communications  systems,  we  have  designed  and 
fabricated  HBT  1:8  DEMUXs.  We  chose  a  tree-type  architecture  instead  of  shift  register 
type  or  parallel  latches  with  controlled  timing.  In  a  tree-type  DEMUX,  the  speed 
requirement  after  the  first  1:2  DEMUX  is  relatively  relaxed,  and  at  the  same  time  the 
loading  to  the  high-speed  data  input  is  minimized.  The  circuit  diagram  is  shown 
schematically  in  Fig.  57.  The  circuit  diagram  of  the  1:2  DEMUX  building  block  used  is 
shown  in  Fig.  58.  Data  flow  is  directed  to  either  of  the  two  output  branches  by  steering 
of  the  source  current  in  the  bilevel  series-gated  CML  circuits.  There  is  a  latch  at  each 
branch  to  immediately  latch  the  data  to  allow  a  nonreturn-to-zero  operation. 

The  results  of  the  SPICE  simulation  of  the  1:8  DEMUX  operation  is  shown  in 
Fig.  59.  Data  transfer  rate  of  up  to  10  Gb/s  is  anticipated.  Figure  60  shows  a  fabricated 
1:8  DEMUX.  Testing  of  this  circuit  will  be  carried  out  under  and  1R&D  program. 

7.5.4  Expandable  2:1  Multiplexers  and  1:2  Demultiplexers 

We  have  designed,  fabricated  and  partially  tested  HBT  2:1  MUXs  and  1:2 
DEMUXs.  These  circuits  make  use  of  the  building  blocks  of  the  8: 1  MUX  and  1 :8  DEMUX 
described  above.  Input  and  output  buffers  are  included  so  that  these  are  stand-alone  cir¬ 
cuits.  In  addition,  some  timing  and  control  signals  are  brought  out  to  the  pads  so  that  the 
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Fig.  57  Block  diagram  of  1:8  DEMUX  circuit. 


Fig.  58 

Circuit  diagram  of  1:2  DEMUX  build¬ 
ing  block. 


wet  -\‘TOW" 


circuits  are  expandable  to  higher  number  of  bits  by  hybrid  combining  several  units 
together.  ECL  in/out  protocol  is  used.  One  may  combine  these  HBT  circuits  with  Si  ECL 
circuits  in  designing  a  data  communication  system. 

Two  versions  of  2:1  MUXs  were  designed,  MU2C  and  MU2D,  and  also  1:2 
DEMUX,  DM2C  and  DM2D.  MU2C  and  DM2C  transmits  and  receives  data,  respectively, 
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Fig.  60  Fabricated  1:8  DEMUX  circuit. 
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Fig.  61  Block  diagrams  of  2:1  MUX  and  1:2  DEMUX  circuits. 

at  a  rate  of  two  bits  per  period  of  input  clock,  whereas  MU2D  and  DM2D  operate  at  a 
rate  of  one  bit  per  period.  The  first  kind  allows  higher  data  rate,  and  the  second  kind  is 
more  compatible  with  the  conventional  data  communication  system  design.  The  circuit 
and  timing  diagrams  and  the  scheme  for  expanding  for  these  four  circuits  are  shown  in 
Figs.  61  through  64. 

Microphotographs  of  these  devices  are  illustrated  in  Fig.  65.  These  circuits 
were  tested  with  an  on-wafer  probing  setup.  In  quasi-static  testing,  they  were  all  fully 
functional.  High-speed  test  was  carried  out  with  a  limited  number  of  input  variations. 
These  circuits  worked  at  input  clock  frequencies  higher  than  3  GHz.  These  results  sug¬ 
gested  that  the  data  rate  of  higher  than  6  Gb/s  may  be  obtained  with  MU2C  and  DM2C. 
High-speed  operation  of  MU2C  is  shown  in  Fig.  65a,  and  that  of  DM2C  in  Fig.  65b. 
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Fig.  62 

Timing  diagrams  for  operation 
of  2:1  MUX  and  1:2  DEMUX  circuits. 
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Fig.  63  Block  diagram  showing  formation  of  4:1  MUX  from  1:2  MUX  building  blocks. 


DM2D 


Fig.  64  Block  diagram  showing  formation  of  1:4  DEMUX  from  1:2  DEMUX  building 
blocks. 
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Fig.  65  Microphotograph  of  fabricated  2:1  MUX  and  1:2  DEMUX  circuits. 


(b) 


OUT  2 


OUT  1 


66  (a)  High  speed  operation  of  2:1  MUXC  circuit;  one  input  was  high,  the  other 

low;  (b)  High  speed  operation  of  1:2  DEMUX  circuit.  The  input  signal  was 
clock  * 2. 
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To  fully  demonstrate  the  high-speed  functionality  of  these  circuits,  further 
tests  are  required.  The  circuits  need  to  be  packaged  and  the  study  of  system  perform¬ 
ance  needs  to  be  carried  out. 


7.6  Protocol  Test  Chips 

7.6. 1  Three-Bit  Register 

In  addition  to  the  MSI  circuits  reported  above,  we  have  designed  a  3-bit 
general-purpose  register.  Data  can  be  written  to  and  read  from  it  easily.  The  basic  unit 
of  each  bit  is  the  same  as  the  shift  register,  i.e.,  the  CML  bilevel  latches  with  master- 
slave  configuration.  Circuits  for  each  bit  also  contain  an  input  buffer  and  and  output 
driver;  there  are  eight  different  versions.  The  purpose  of  this  is  to  study  the  speed- 
power  performance  of  various  output  drivers,  and  the  effect  of  different  transistor 
geometry.  Output  drivers  implemented  are  ECL/HECL  and  CML,  with  complementary 
outputs  or  single-side  output.  Transistors  are  used  for  the  baseline  processing  and 
advanced  processing  (with  smaller  geometry). 

Figure  67  shows  a  fabricated  3-bit  register.  On  the  best  wafer,  more  than  50% 
of  the  fabricated  3-bit  register  were  fully  functional.  An  output  waveform  showing  the 
fast  transition  is  illustrated  in  Fig.  68. 

7.6.2  Gated  Full  Adder 

A  full  adder  is  one  of  the  fundamental  components  in  any  computer  CPU.  An 
adder  implemented  with  HBTs  promises  very  high-speed  performance.  A  gated  full 
adder,  which  an  be  used  as  a  basic  component  for  an  array  multiplier,  has  been  designed, 
simulated  and  fabricated.  Eight  versions  were  implemented  for  studies  of  output  driver 
performance,  transistor  geometry  and  processing  techniques. 

A  schematic  diagram  is  shown  in  Fig.  69.  A1*B1  and  A2*B2  are  added  to 
carry  bit  Cl.  The  results  are  the  sum  SO  and  carry  CO.  SPICE  simulation  was  carried 
out  with  input  waveforms  of  various  frequencies,  as  shown  in  Fig.  70.  The  inputs  as  well 
as  the  outputs  are  of  ECL  protocol.  DC  voltage  levels  are  shifted  only  on  the  figure  for 
showing  waveforms  clearly  on  one  plot.  Proper  outputs  of  SO  and  CO  were  observed. 
The  timing  of  the  inputs  to  each  internal  gate  was  found  to  be  important  for  high-speed 
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Fig.  67  Fabricated  register  protocol  test  chip. 


operation  with  the  SPICE  simulation.  After  implementing  appropriate  delay  for  signals 
13-bar  and  16-bar  in  Fig.  69  in  the  simulation,  the  adder  was  functional  at  B2-bar 
frequency  of  5  GHz.  The  outputs  at  this  speed  are  shown  in  Fig.  70. 
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A  fabricated  adder  is  shown  in  Fig.  71.  Most  of  the  fabricated  adders  were 
fully  functional.  High-speed  tests  showed  that  the  gated  full  adder  worked  properly  at 
the  fastest  input  of  3  GHz  (Fig.  72). 


Fig-  71 

Fabricated  gated  full  adder  test 
chip. 
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Fig.  72  Operation  of  gated  full  adder  test  chip  at  3  GHz. 
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7.7  Yield 

Circuit  yield  of  HBT  technology  has  been  significantly  improved  during  the 
course  of  this  program.  The  yield  as  a  function  of  the  number  of  HBTs  for  circuits  on  the 
best  wafers  is  shown  in  Fig.  73.  Data  points  are  from  the  HBT  frequency  divider,  CML 
ring  oscillator,  3-bit  register  and  8-bit  universal  shift  register.  Solid  curves  indicate  the 
range  of  the  expected  yield  with  our  baseline  processing  at  the  present  time.  We  antici¬ 
pate  that  the  yield  can  be  further  improved  as  the  HBT  processing  development  con¬ 
tinues. 


Fig.  73  Plot  of  experimental  functional  circuit  yield  vs  circuit  size,  for  best  wafers. 

7.8  Reliability 

As  a  reliability  test  of  HBT  circuits,  a  NTL  ring  oscillator  has  been  operating 
for  five  months  at  100°C  and  five  months  at  150°C  without  failure.  The  frequency  of 
the  oscillation  was  decreased  from  0.652  GHz  to  0.548  GHz,  as  shown  in  Fig.  74. 

7.9  Radiation  Hardness 

In  regard  to  radiation  hardness,  a  NTL  ring  oscillator  with  operating  bias  volt¬ 
age  on  has  withstood  55  Mrads  total  dose.  Operation  of  the  ring  oscillator  as  a  function 
of  the  bias  voltage  before  and  after  radiation  is  shown  in  Fig.  75.  Two  NTL  ring  oscil¬ 
lators  died  during  the  test.  It  is  possible,  however,  that  at  least  one  of  them  died  due  to 
improper  handling  of  the  circuit. 
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Fig.  74  Measured  variation  of  HTL  ring-oscillator  operating  frequency  as  a  function  of 
time  during  life  testing  at  100oC  and  150°C. 


v..  cv; 

Fig.  75  Operating  characteristics  (frequency  vs  bias  voltage)  of  an  NTL  ring  oscillator 
before  and  after  exposure  to  55  Mrads. 
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8.0  PRESENT  HBT  TECHNOLOGY  STATUS  AND  SUGGESTED  FUTURE  WORK 


This  section  summarizes  the  status  of  HBT  technology,  and  discusses  its 
potential  for  the  implementation  of  useful  circuits.  MSI  digital  circuits  (which  have  been 
the  principal  focus  of  this  project),  as  well  as  other  types  of  circuits,  including  analog, 
microwave  and  mm-wave  circuits,  are  discussed. 

8.1  MSI  Digital  Circuits 

For  a  variety  of  applications  it  is  important  to  achieve  exceptionally  high 
operating  speed  in  digital  circuits.  Such  applications  include  high  speed  front  ends  to 
systems,  where  high  data  rates  are  slowed  down  for  later  processing  by  more 
conventional  circuits.  Prescalers  and  frequency  dividers,  and  data  multiplexers  and 
demultiplexers  are  examples  of  this  class.  Other  circuits  incorporate  an  entire  high¬ 
speed  signal  processing  function  such  as  encoding  or  scrambling;  or  bit-slice  addition, 
logic  or  multiplication.  HBTs  are  well  suited  to  the  fabrication  of  these  circuits,  because 
they  provide  exceptionally  high  ft  in  a  technology  that  is  achievable  with  straightforward 
optical  lithography. 

Among  Si  technologies,  bipolar  transistors  in  ECL  circuits  have  long  been  the 
leaders  in  high  speed  performance.  The  development  of  HBT  ECL  (or  HECL)  reflects  the 
conviction  that  this  will  also  hold  true  within  the  III-V  technologies.  Developments  in  the 
present  program  are  beginning  to  bear  this  out. 

•  Values  of  cutoff  frequency,  ft,  as  high  as  150  GHz  are  predicted  for  HBTs 
even  with  1  ym  optical  lithography.  ft  values  up  to  40  GHz  have  been 
achieved  in  this  program.  By  contrast,  GaAs  MESFETs  with  1  ym  channel 
lengths  have  f t  -  15  GHz  and  HEMTs  have  f^  -  25  GHz  with  similar  dimen¬ 
sions.  In  Si  bipolars,  fts  have  reached  17  GHz  only  with  ultranarrow 
(0.35  ym)  dimensions. 

•  HBT  ring-oscillator  speeds  have  been  steadily  improving  and  recently, 
propagation  time  delays  as  low  as  16.5  ps  were  obtained  in  this  program 
for  Nonthreshold  Logic  (NTL)  circuits. 
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•  HBT  frequency  dividers  have  operated  with  input  frequencies  up  to 
1 1  GHz.  These  circuits  are  the  fastest  reported  to  date  (for  any 
technology). 

•  MSI  circuits  with  HBTs  recently  demonstrated  at  Rockwell  are  among  the 
fastest  circuits  of  their  type  ever  reported.  An  eight-bit  universal  shift 
register  operated  at  3.2  GHz,  while  the  fastest  universal  shift  register 
previously  reported  corresponds  to  1.5  GHz. 

Beyond  raw  speed,  a  variety  of  characteristics  must  be  demonstrated  before  a 
candidate  technology  can  be  considered  for  system  applications.  Among  these  are 
reliability,  operation  over  temperature,  radiation  hardness,  acceptability  of  input/output 
protocols,  reproducibility  and  yield.  This  program  has  led  to  some  important 
demonstrations: 


•  In  regard  to  reliability,  ring-oscillators  have  operated  1500  h  at  100°C 
without  failure,  and  300  h  at  150°C  without  failure. 

•  In  regard  to  radiation  hardness,  a  ring  oscillator  has  withstood  50  Mrads 
total  dose.  (Device  failure  for  uncertain  causes  occurred  above  this.) 

•  In  regard  to  I/O  protocols,  HBT  circuits  were  shown  to  provide  high  speed 
ECL  outputs  in  a  much  more  power  efficient  manner  than  MESFETs. 
Complementary  outputs  can  be  easily  provided  to  eliminate  ground 
inductance  effects. 

•  In  regard  to  yield,  outstanding  results  were  obtained  on  the  MSI  circuits 
with  values  on  the  order  of  30%  obtained  on  the  best  wafer. 


These  demonstrations  are  very  promising.  MSI  circuit  operation  at  even  higher  speeds  is 
required,  however,  in  a  variety  of  systems  envisioned  at  present.  For  example,  data 
transmissions  at  10  Gbits  or  above  should  be  possible  in  fiber-optics  communication 
systems.  HBT  technology  is  the  most  promising  technology  to  provide  the  required  MSI 
circuits  for  this. 
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8.2  LSI  Digital  Circuits 

The  ECL  approach  emphasizes  high  speed,  but  requires  moderate  or  high  power 
dissipation.  For  example,  as  Rockwell's  technology  has  evolved,  it  has  yielded 
progressively  lower  power  values  per  gate,  but  power  requirements  still  are  in  the  range 
2-5  mW/gate  for  CML.  Further  improvements  will  be  obtainable,  but  it  is  not  presently 
considered  that  circuits  beyond  1-5K  gate  complexity  will  retain  a  significant 
performance  advantage.  For  example,  a  10K  gate  chip  dissipating  4  W  would  require 
200-300  yW/gate  (after  allowance  for  I/O  dissipation).  This  range  may  be  possible  for 
HBT/CML  circuits,  but  it  is  not  evident  that  many  of  the  performance  advantages  of 
HBTs  over  Si  circuits  will  be  preserved  in  this  regime.  In  particular,  in  this  "power- 
starved"  regime,  the  power-delay  product  together  with  allowed  power  determines  the 
gate  speed.  The  HBT  power-delay  product  in  the  VLSI  limit  is  not  much  different  from 
that  of  Si  bipolar  circuits.  In  fact,  present  HBTs  suffer  from  a  slightly  higher  value  of 
turn-on  voltage. 

2 

In  contrast  to  CML  circuits,  HI  L  circuits  are  oriented  toward  low  power 
operation.  They  can  be  used  in  the  200  yW/gate  regime,  and  thus,  are  candidates  for  LSI 
applications.  Unfortunately,  the  relationship  between  the  power-delay  product  of  GaAs 
«•  and  Si  implementations  of  the  circuits  is  similar  to  the  case  of  CML  and  for  the  same 

reason  (higher  value  of  Vg^). 

For  long-term  development  of  an  appropriate  LSI  digital  technology  based  on 
HBTs,  with  a  significant  power  delay  advantage  over  Si  ECL,  novel  semiconductor 
systems  must  be  considered.  In  particular,  compounds  with  a  relatively  low  energy  gap 
should  be  employed  in  the  base  region  of  the  device  (while  emitter  and  collector  regions 
are  composed  of  wide  band  gap  materials).  InGaAs  (lattice  matched  to  InP)  is  a 
candidate  material  for  such  applications. 

8.3  mm-Wave  Applications 

Because  of  their  vertical  nature,  tight  controls  over  the  primary  HBT  device 
dimensions  are  achieved  during  epitaxial  growth,  not  during  subsequent  device 

i 

processing.  As  a  result,  HBTs  are  promising  for  the  achievement  of  very  high  values  of 
ft  and  fmax»  and  allow  simple  processing  based  on  available  optical  lithography. 

,  Moreover,  because  of  high  current  handling  capability  and  high  breakdown  voltage,  they 
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should  be  well  suited  to  high  power  and  high  efficiency  applications.  Already,  discrete 

devices  with  fmax  above  40  GHz  have  been  obtained.  To  attain  high  fmax,  it  is  of  great 

importance  to  minimize  base  resistance.  This  may  be  accomplished  by  using  very  high 

20  -3 

values  of  base  doping  on  the  order  of  10  cm  .  Further  increases  in  ft  and  fmax  are  to 
be  expected,  through  the  optimization  of  the  vertical  structure  of  the  transistor, 
increase  in  base  doping,  and  minimization  of  device  dimensions. 


8.4  Microwave  Power  ICs 

The  high  current  handling  capability  of  bipolar  transistors  is  a  significant 
advantage  for  microwave  power  applications.  In  addition,  with  HBTs  it  is  straight¬ 
forward  to  tailor  the  breakdown  voltage  by  appropriate  choice  of  the  thickness  and 
doping  of  the  collector  drift  region.  Experimental  devices  show  the  expected  high  break¬ 
down  voltages.  Collector-emitter  breakdown  voltage  above  12  V,  and  collector -base 
breakdown  above  25  V  is  obtained  in  the  same  wafer  that  provides  the  highest  f  x.  It  is 
expected  that  HBT  amplifiers  and  oscillators  will  be  capable  of  very  high  power-added 
efficiency  in  this  frequency  range.  Experimental  investigation  of  this  area  is  just 
beginning.  The  principal  areas  of  investigation  include  thermal  modeling,  understanding 
of  breakdown  and  saturation  behavior,  interconnection  geometry  development,  and  large 
signal  rf  simulation. 


8.5  Wideband  Analog  Circuits 

It  is  believed  that  a  significant  opportunity  exists  to  apply  present  or  near- 
term  HBT  technology  to  improve  performance  of  operational  amplifiers  and  other  dc 
coupled  feedback  amplifiers.  The  circuits  will  benefit  from  the  high  voltage  and  current 
gain  obtainable  with  HBTs;  their  well-behaved  characteristics  from  dc  through  the 
microwave  regime;  their  well-matched  i-V  curves;  and  their  low  1/f  noise.  Device 
requirements  are  similar  to  those  needed  for  digital  MSI  circuits.  The  modeling/ 
simulation/device  characterization  requirements  of  these  two  areas  also  overlap 
extensively,  and  corresponding  developments  reinforce  each  other.  The  wideband  analog 
application  area,  nonetheless,  has  to  date  received  very  little  attention. 


% 
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8.6  Analog-to-Digital  Conversion 

The  threshold  voltage  control  inherent  to  HBTs,  as  well  as  their  high  ft,  high 
transconductance,  and  absence  of  trapping  effects,  form  the  basis  of  substantial  interest 
in  this  technology  for  high  speed,  high  accuracy  A/D  converters.  HBT  comparators  with 
low  offset  voltages  (less  than  4  mV)  and  high  speed  capability  (2.5  GHz  operation)  have 
been  reported.  Prospects  are  good  for  the  use  of  these  prototype  circuits  in  large, 
"flash"  monolithic  A/D  converters  to  achieve  resolution  up  to  8  bits,  and  speeds  up  to 
1-2  GSps.  Further  advances,  particularly  in  complexity  and  integration  level,  may  be 
expected  in  this  area.  The  principal  technology  development  requirements  are  reproduci¬ 
bility  and  yield;  speed,  power  dissipation,  and  transistor  size  have  somewhat  secondary 
roles. 

In  summary,  significant  opportunities  exist  for  development  and  application  of 
HBT  to  improve  performance  of  defense  systems.  HBT  devices  in  ECL/CML  circuits 
have  a  natural  role  in  ultrahigh  speed  SSI  and  MSI  applications  in  the  digital,  analog 
microwave  and  combined  analog/digital  areas.  With  present  technology,  HBTs  are 
competitive  with  other  candidate  technologies  for  highest  speed  operation.  Further  HBT 
technology  improvements  remain  to  be  done  that  should  propel  HBT  circuits  to  a 
leadership  position. 
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